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The Cape Floristic Region (CFR) in southwestern South Africa is a ‘biodiversity hotspot,’ 
hosting ~9,000 plant species in an area just over 90,000 km2. What is especially extraordinary 
about the CFR is that diversity here rivals that in many tropical forests, but it is not located in the 
highly diverse equatorial regions, making it difficult to identify the ecological and evolutionary 
processes that generate diversity and maintain it today. One way to better understand variation in 
species diversity across communities is to evaluate the distribution of the traits species’ possess. 
Specifically, trait variation within and across species can indicate how organisms interact with 
both their abiotic and biotic environments.  
 For my dissertation I take a trait-based approach to identify how trait variation could 
influence the performance of plants in the CFR, and how traits might mediate ecological 
interactions so as to minimize competition and promote coexistence. I focus on fynbos 
communities dominated by plants in the family Proteaceae, a family that represents much of the 
species diversity and abundance in local communities. I identify functional relationships between 
plant traits, performance, and fitness in a multivariate framework. I find that within species  
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variation in traits related to performance might minimize fitness inequalities among co-occurring 
species, and that the covariance structure of traits might be important in leading to this outcome. 
Lastly, I show that trait differences among neighboring individuals are important for predicting 
performance in local neighborhoods by possibly minimizing competitive effects and also 
promoting adaptation to the local environment. 
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“It is interesting to contemplate an entangled bank, clothed with many plants of 
many kinds, with birds singing on the bushes, with various insects flitting about, 
and with worms crawling through the damp earth, and to reflect that these 
elaborately constructed forms, so different from each other, and dependent on 
each other in so complex a manner, have all been produced by laws acting 
around us.” 
 
Darwin (1859) 
 
 
 
 
 
"In all works on Natural History, we constantly find details of the marvellous 
adaptation of animals to their food, their habits, and the localities in which they 
are found. But naturalists are now beginning to look beyond this, and to see that 
there must be some other principle regulating the infinitely varied forms of animal 
life. It must strike every one, that the numbers of birds and insects of different 
groups, having scarcely any resemblance to each other, which yet feed on the 
same food and inhabit the same localities, cannot have been so differently 
constructed and adorned for that purpose alone. Thus the goat-suckers, the 
swallows, the tyrant fly-catchers, and the jacamars, all use the same kind of food, 
and procure it in the same manner: they all capture insects on the wing, yet how 
entirely different is the structure and the whole appearance of these birds!” 
 
Wallace (1853) 
 
 
 
 
 
“Alles ist blatt.” – All is leaf.  
 
Goethe (1787) 
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Introduction 
 
The excitement generated through the exploration and identification of earth’s biodiversity has 
arguably been the most influential muse moving ecological and evolutionary research forward. 
Darwin (1859), Wallace (1853), and even the poet-turned-developmental-morphologist van 
Goethe all took inspiration from the diversity they encountered in the natural world. While there 
is often an emphasis on identifying the total numbers of species in different places around the 
world, what these early workers observed – along with so many before and after them – was that 
the diversity of form and function of organisms is equally exciting and perhaps more inspiring, 
as it can help us to understand how these natural entities have come to be and how they persist in 
their environments in the present day. While the function of certain aspects of variation in form 
and function can be quite obvious (e.g. birds having hard beaks to help them crack open seeds) 
the function of other aspects of trait variation remain somewhat more elusive without more 
careful study (e.g. the slight variation in beak shape that makes some individuals better able to 
crack open large seeds versus small seeds). It is important to not only characterize trait variation 
within and among species to understand the taxonomic relationships among species, but this 
variation can also have significant functional roles for both the organism and the ecosystem in 
which it occurs. 
Functional traits are morphological, physiological or behavioral aspects of an organism 
that provide an indication of how a species is linked to its abiotic and biotic environment (Violle 
et al., 2007). In plant ecology, functional traits have been measured extensively and there is 
evidence of relationships between traits and physiology and between traits and environmental 
covariates across both global and taxonomic scales (Reich et al., 1997; Wright et al., 2004; 
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Chave et al., 2009). Additionally, functional traits may be used to suggest how species partition 
niche space in local communities, aiding in continued coexistence. For example, variation in 
beak size in Galapagos finches (Lack, 1947), variation in body size in Anolis lizards in the 
Caribbean (Schoener, 1968), and Sonoran Desert rodents (Brown, 1975; Bowers and Brown, 
1982) reflect differences in species that enable them to acquire resources and share habitats 
differently, and thus presumably coexist.  
In plant communities, the variation in morphological and structural traits among co-
occurring species in tropical rainforests often spans the breadth of variation in traits observed 
across all of angiosperm species (Marks and Lechowicz, 2006). The observation that a single 
community can host such a high degree of trait variation has led to the conclusion that trait 
differences among species within a community maintain coexistence through niche partitioning. 
However, there are also instances in which the trait composition of communities is much more 
narrow than would be expected (Kraft et al., 2008), which may indicate that species have similar 
traits that allow them to persist in a shared environment.  
A common conclusion used to justify these contrasting results is that certain traits reflect 
variation needed for niche partitioning, while others reflect larger-scale adaptations to an 
environment that are shared by all members of the community (Swenson and Enquist, 2009). An 
alternative explanation could be that the measured traits are not actually associated with overall 
performance measures and are not related to fitness within a given environment. Thus evaluating 
patterns of trait distributions to infer processes leading to observed community structure may not 
be appropriate without first identifying the degree to which the measured traits matter for plant 
performance (Ackerly et al., 2000). Further, trait differences among species are often evaluated 
in isolation, such that a difference between a pair of species in a single trait is associated with a 
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difference in a single aspect of their physiology, reflecting how these species differ on a single 
niche axis. Recent work indicates, however, that especially when considering dynamics of 
species competition and coexistence, it is necessary to evaluate organisms as entire units made 
up of integrated, and co-varying traits (Marks and Lechowicz, 2006; Kraft et al., 2015).  
The Cape Floristic Region (CFR) in southwestern Africa is a ‘biodiversity hotspot’ 
(Myers et al., 2000). In the CFR there is history of characterizing and exploring species diversity 
and diversity in form and function. Early in its formal classification and description, Linnaeus 
actually named the group Protea (L.) after the shape-shifting Greek God, Proteus. This early 
classification proved exceptionally accurate, as botanists have continued to classify and explore 
the taxonomic diversity in the group, as well as its morphological diversity both within and 
among species. While early workers suggested functional importance of this vegetative variation 
(Cody, 1986), there has been little evidence until late that trait variation reflects adaptation to the 
abiotic and biotic environment. In the present work, I demonstrate the functional significance for 
variation and covariation in a suite of plant structural and physiological traits, and the role this 
trait variation may play in mediating plant interactions in the diverse and iconic Proteaceae 
family in the Cape Floristic Region, South Africa. 
The Cape Floristic Region in southwestern South Africa is classified as a Mediterranean 
biome, and it is the most diverse of the world’s five Mediterranean systems (Cowling et al., 
1996) with over 9,000 plant species in an area of about 90,000 km2 (Linder, 2003; Linder, 2005). 
This plant diversity rivals that observed in many New World tropical forests (Linder, 2005) 
despite its temperate latitude, and the region contains twice the number of vascular plant species 
than predicted based on the climatic variables that define it (Kreft and Jetz, 2007). It is 
hypothesized that the diversity in the CFR is in part due to its unique climatic and environmental 
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attributes, and recurring fire cycles (Cowling, 1996). Indeed, this heterogeneity across the 
landscape is thought to contribute to the high degree of turnover in diversity across sites, a 
phenomenon that contrasts with tropical forests that are comparable in species diversity (Latimer 
et al., 2005). As a Mediterranean biome, the CFR has hot, dry summers and relatively cooler, yet 
mild winters, with variation in the total amount and seasonality of rainfall (reviewed in 
Bradshaw and Cowling, 2014). Additionally, the CFR is characterized by having high soil 
heterogeneity with many plant species specialized to specific soil types (reviewed in Bradshaw 
and Cowling, 2014). The CFR, and specifically fynbos habitats within the CFR, are fire-prone 
ecosystems. Fires recur within a community every 15-20 years, and plants within the community 
are highly adapted to fire disturbance, causing fire to be a strong ecological and evolutionary 
determinant within these habitats (Bond, 1995; Wilson et al., 2010). 
 In addition to being an extraordinarily diverse region, the CFR is characterized by 
exceptional levels of endemism with over 68% of the plants in the region classified as endemics 
(Goldblatt and Manning, 2000; Linder, 2003). This endemism is likely driven in part by high 
speciation rates observed in many diverse Cape lineages (Linder, 2005; Richardson et al., 2001) 
and relatively low migration rates (Slingsby and Bond, 1985). An analysis comparing dispersal 
and speciation rates in the CFR to tropical forests found that migration rates in the Cape flora are 
two orders of magnitude lower than in the New World tropics, and that speciation rates averaged 
across all species are higher than has been recorded in any other system (Latimer et al., 2005). 
 It is a combination of the habitat heterogeneity, diversity, and endemism that make the 
Cape Floristic Region in South Africa an ideal location to conduct research aimed at studying the 
dynamic role that ecological and evolutionary processes have played in structuring species 
distributions both regionally and locally. The high level of endemism and presence of several 
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large radiations suggest that the flora is largely the product of in situ evolution. Thus we can 
imagine the CFR as a largely closed system where we can evaluate the role of ecological and 
evolutionary processes in a tractable manner, with minimal influence of species invasion via 
migration from other, originating regions. Further, the woody flora is highly diverse in habitat 
affiliation and vegetative morphology and thus a study of the evolution of functional traits should 
prove especially insightful. 
The Proteaceae family is highly diverse within the CFR, and makes up a large component 
of both the diversity and biomass of many fynbos communities. In fact, Proteaceae, along with 
Restionaceae and Ericacaceae are key families that help define fynbos communities (Linder, 
2005). Within the Proteaceae, Protea and Leucadendron are among the most diverse genera with 
112 and 96 species, respectively, with ~60% of species largely restricted to the CFR (Schnitzler 
et al., 2011; Tonnabel et al., 2014). While much of their diversity is in the Western Cape, species 
within these genera are widely distributed across the CFR found mainly in fynbos habitat. Both 
genera have only a few wide ranging species, with many species largely locally distributed. They 
are mostly shrubby species, but have a diversity of forms, ranging from short trees, to sprawling 
shrubs, with some Protea species having underground stems (Rebelo, 1995). Additionally, there 
is much evidence that the morphological diversity within Protea and Leucadendron represent 
adaptation to present-day environments (Carlson et al., 2011; Carlson et al., 2016; Prunier et al., 
2012; Mitchell et al., 2015) in addition to adaptation to past environments, possibly driving 
diversification through time (Tonnabel et al., 2014; Mitchell et al., 2018). 
While Protea and Leucadendron by no means represent all vascular plant diversity within 
the Cape Floristic Region, focusing largely on these two fynbos groups gives me a tractable and 
effective way to investigate how ecological and evolutionary processes have led to present-day 
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assemblages. Fynbos communities are often dominated by species within these two genera, and 
thus comprise a large component of total biomass and structure within the community. They are 
often diverse within these communities as well, with 3-5 species co-occurring in close proximity. 
Conversely, species within these groups are often found in monospecific stands, making it ideal 
to measure impacts of intraspecific competition. Further, by focusing on single diverse lineages 
at a time, I can account for shared evolutionary history among groups. One approach that has 
been widely used to evaluate historical legacy in communities is community phylogenetics, in 
which a single phylogeny is constructed to represent all species within a community (Webb, 
2000; Webb et al., 2002). This approach is somewhat limited, however, in that species within 
this community are not necessarily closely related and have not evolved in situ within the region, 
and thus it is difficult to disentangle the role of migration from diversification in structuring 
community assemblages. Further, when investigating niche differences among species via the 
traits they possess, investigating trait differences among closely related species may be more 
effective as there is control for shared evolutionary history, thus accounting for effects of 
unmeasured traits. 
 
Outline of Chapters 
 
In Chapter 1, I ask whether we can identify predicted trait-performance relationships 
measured on individual plants, and if these traits are related to plant fitness. Global patterns 
of trait associations predict general trait-performance relationships, as based on models of plant 
biophysical constraints, and models of water- and carbon-use strategies. If global trends reflect 
these mechanistic models, then we should be able to detect these relationships in natural 
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populations on the scale of individual plants. I examined the relationships between suites of 
structural traits, physiological traits, plant size, and reproductive effort using a multivariate path 
model to identify the functional significance of these traits measured on individuals. I found that 
while individual structural traits did not often predict plant physiology with confidence, 
multivariate combinations of structural traits predict plant performance quite well. This work is 
in press in Annals of Botany. 
 
In Chapter 2, I investigated how multivariate trait covariation and can lead to minimal 
performance differences among commonly co-occurring Protea species in the CFR. While 
species that co-occur must share some traits that allow them to persist in their shared 
environment, they must also differ in traits associated with niche differentiation to achieve 
coexistence, long-term. I demonstrate that as a result of trait covariation, co-occurring Protea 
species that are very different in structural traits achieve similar performance, thus minimizing 
potential fitness differences. 
 
In Chapter 3, I ask whether or not we can detect a signal of density-dependence and trait-
mediated coexistence in naturally occurring Proteaceae neighborhoods in the CFR. For 
species to coexist long term, negative density dependence must be stronger among conspecifics 
than among heterospecifics. I collected data on all individual plants and their traits that occurred 
in ~100 neighborhoods in the CFR, in both monospecific and heterospecific stands. I find 
evidence of negative density-dependence, but in heterospecific stands, and evidence that trait 
dissimilarity among neighbors can have positive or negative fitness consequences, depending on 
the trait being considered. 
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Significance 
 
While there have been substantial research advances in the last century that have improved our 
understanding of species diversity and community assembly, much remains unknown about why 
certain places are more diverse than others, and how species manage to coexist in multi-species 
assemblages. Trait-based models provide a way to evaluate the role that niche partitioning plays 
in mediating coexistence as traits provide a link between an organism and its environment and 
thus trait differences may reflect niche differences among species. However, it is often assumed 
that traits are related to performance, but rarely do studies directly measure the relationship 
between traits and performance in a given environment. Similarly, few studies directly assess 
how trait differences mediate interactions among individuals and thus competitive outcomes 
determining coexistence. I explore the degree to which commonly measured structural traits 
relate to physiological performance and indirect measures of fitness, and further determine if trait 
differences have detectable effects on driving competitive outcomes.  
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Chapter 1 
 
Intraspecific trait variation influences physiological performance and fitness in the South Africa 
shrub genus Protea (Proteaceae) 
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Abstract 
 
Background and Aims: Global plant trait datasets commonly identify trait relationships that are 
interpreted to reflect fundamental trade-offs associated with plant strategies, but often these trait 
relationships are not identified when evaluating them at smaller taxonomic and spatial scales. In 
this study we evaluate trait relationships measured on individual plants for five widespread 
Protea species in South Africa to determine whether broad scale patterns of structural trait (e.g. 
leaf area) and physiological trait (e.g. photosynthetic rates) relationships can be detected within 
natural populations, and if these traits are themselves related to plant fitness. 
 
Methods: We evaluated the variance structure (i.e. the proportional intraspecific trait variation 
relative to among species variation) for nine structural traits and the six physiological traits 
measured in wild populations. We used a multivariate path model to evaluate the relationships 
between structural traits and physiological traits, and the relationship between these traits and 
plant size and reproductive effort. 
 
Key Results: While intraspecific trait variation is relatively low for structural traits, it accounts 
for between 50-100% of the variation in physiological traits. Further, we identified few trait 
associations between any one structural trait and physiological trait, but multivariate regressions 
reveal clear associations between combinations of structural traits and physiological performance 
(R2 of 0.37-0.64), and almost all traits had detectable associations with plant fitness. 
  
	 18	
Conclusions: Intraspecific variation in structural traits leads to predictable differences in 
individual-level physiological performance in a multivariate framework, even though the 
relationship of any particular structural trait to physiological performance may be weak or 
undetectable. Furthermore, intraspecific variation in both structural and physiological traits leads 
to differences in plant size and fitness. These results demonstrate the importance of considering 
measurements of multivariate phenotypes on individual plants when evaluating trait relationships 
and how trait variation influences predictions of ecological and evolutionary outcomes. 
 
 
Keywords 
Protea, Proteaceae, South Africa, Cape Floristic Region, functional traits, intraspecific trait 
variation, trait combinations, ecophysiology, trait-fitness relationship  
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Introduction 
 
Plant ecologists often study readily measured traits under the assumption that observed traits 
reflect the outcome of selective pressures on growth and demographic rates, and are thus 
mechanistically linked with performance and fitness (Ackerly et al., 2000, McGill et al., 2006). 
Understanding patterns of variation in these traits would thus provide insight into processes that 
influence species distributions (Cavender-Bares et al., 2004; Wright et al., 2004; Chave et al., 
2009; Mitchell et al., 2015), the composition of communities (Keddy, 1992; Fukami et al., 2005; 
Kraft and Ackerly, 2008), and even ecosystem function (Díaz and Cabido, 2001; Lavorel and 
Garnier, 2002; Zirbel et al., 2016; Cadotte, 2017).  
The Leaf Economics Spectrum (LES) is a useful framework when evaluating traits and 
trait trade-offs measured at the leaf level, which reflects the carbon costs and gains associated 
with photosynthesis (Wright et al., 2004; Shipley et al., 2006; Blonder et al., 2015). The Wood 
Economics Spectrum (WES) provides a similar framework, but at the level of xylem traits and 
whole plant architecture, structure, and function (Chave et al., 2009). The trait models and trait 
trade-offs associated with the LES and the WES have been empirically supported when 
evaluating relationships between traits across phylogenetic and spatial scales (Wright et al., 
2004; Chave et al., 2009; Wright et al., 2010; Díaz et al., 2016). However, these relationships 
have been most extensively studied at broad geographical and phylogenetic scales using species 
means and ignoring individual trait variation (Funk and Cornwell, 2013; Anderegg et al., 2018). 
At lower taxonomic and spatial scales, trait relationships are often weak and uncertain, or even in 
a direction that opposes predictions based on the LES and WES (Messier et al., 2017b, 2018; 
Anderegg et al., 2018). Given that explanations for trait relationships and key trait trade-offs 
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observed in the LES and WES are often considered in terms of biophysical relationships at the 
level of individual plants or individual organs (e.g. leaves and stems), advances could be made 
by focusing on how individual trait variation influences individual variation in performance and 
fitness.  
Furthermore, traits that may be described as structural or morphological characteristics of 
individuals (e.g., leaf area and stem density) may serve as indicators both of plant strategies (e.g., 
resource conservation versus resource spending) and of physiological performance through 
univariate (Wright et al., 2004; Chave et al., 2009) and multivariate trait associations (Messier et 
al., 2018). Structural traits that reflect plant strategies and measures of physiological 
performance are themselves likely to be related to size and fitness. This suggests that studies 
should simultaneously account for how structural traits influence physiological performance and 
how both structural traits and physiological performance influence fitness at the level of 
individual plants in a multivariate framework. In this study we examine the following questions: 
 
1. Does the proportion of variance attributable to individual differences within species 
depend on whether the traits are structural (i.e. organ-level, morphological traits) or 
physiological (i.e. dynamic traits that reflect rates of carbon assimilation and water 
conductance)? 
 
2. Are individual differences in structural and physiological traits associated with 
differences in indicators of fitness, such as size and reproductive effort? 
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3. To the extent that individual differences in size or reproductive effort are associated with 
structural and physiological traits, are they primarily the result of univariate associations 
with individual traits or of multivariate associations with combinations of traits? 
 
To answer these questions we measured a suite of leaf, stem, and whole-plant traits on 
individuals of five widespread Protea (L.) (Proteaceae) species that are common to and abundant 
in the Cape Floristic Region (CFR), South Africa. We also measured aspects of physiological 
performance and fitness on the same individuals. The shape and size of leaves differs markedly 
among the species (Fig.1), and it has been argued that these differences could promote 
coexistence of congeners within local communities (Cody, 1986; but see Potts et al., 2011). 
Substantial intraspecific trait variation in many commonly measured leaf and stem structural 
traits has been observed in Protea species as well, and may reflect adaptation of ecotypes to the 
local environment (Carlson et al., 2011, 2016; Prunier et al., 2012). Steep precipitation and 
temperature gradients in the CFR (Linder, 2005) may be strong selective factors on physiological 
traits related to the trade-off between carbon uptake and water conservation. 
 
 
Materials and Methods 
 
Study Sites 
 
We measured structural traits, physiological performance, and components of fitness on 
individual plants from each of the five species described below at three sites in the Western Cape 
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Province (Fig. 2) from July-September 2016 (summarized in Table 1). Jonaskop is located in the 
central part of the province in the Riviersonderend Mountain Range. It is relatively hot and wet 
with rainfall largely restricted to the winter months (May-August). Cederberg is located in the 
northern part of the province. It is relatively cool and wet, and also lies within the winter rainfall 
region. Swartberg Pass is located in the eastern part of the province. It is relatively hot and dry, 
with no seasonal trend in rainfall. The sampled populations occurred within the fynbos 
ecosystem, which is dominated by plant species in three families: Restionaceae, Ericaceae, and 
Proteaceae and is characterized as semi-arid with nutrient-poor soils (Bergh et al., 2014). It is a 
fire-dominated ecosystem, with fires recurring approximately 10-13 years (VanWilgen et al., 
2010). 
 
Study Species 
 
We focused our sampling on five common Protea species: P. eximia, P. laurifolia, P. nitida, P. 
punctata, and P. repens. These species are among the most geographically widespread in the 
genus, presumably reflecting broad environmental tolerances at the species level (Rebelo, 2001). 
All of them have relatively thick, sclerophyllous, long-lived leaves that are typical of shrubs in 
Mediterranean climates, and they are long-lived, woody plants with an erect shrub-like or tree-
like growth form. Large individuals may be up to 5 meters tall (Rebelo, 2001). The genus Protea 
is monophyletic and originated in the CFR (Valente et al., 2010; Schnitzler et al., 2011), but 
within this clade, the species we sampled are not closely related (Mitchell et al., 2017).  
Like all other members of the genus, the large inflorescences of these species develop 
into seedheads that are retained until fire. The seeds are released from the seedheads during fire, 
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and the seeds germinate and the seedlings emerge in dense stands in the months post-fire with 
the onset of rain. In P. eximia, P. laurifolia, P. punctata, and P. repens, post-fire re-
establishment occurs through recruitment of new seedlings. In P. nitida, post-fire recruitment 
occurs predominantly through resprouting of surviving individuals (Rebelo, 2001).  
 
Sampling Design 
 
At each of the three sites (Fig. 2), we sampled co-occurring populations of our focal Protea 
species during the Austral winter 2016, from July through September (Table 1). Only the most 
widespread species, Protea repens, could be sampled at every site. We sampled P. laurifolia at 
Jonaskop and Cederberg, P. punctata at Jonaskop and Swartberg, P. nitida at Cederberg, and P. 
eximia at Swartberg. Sampled populations were not always adjacent. At Jonaskop, the P. 
punctata population was located near the peak of Jonaskop Mountain on a south-facing slope, 
the P. laurifolia population was located mid-elevation near the elevational transition into true 
fynbos habitat. Protea repens was sampled at an elevation approximately 100 m higher than P. 
laurifolia. At Swartberg all three populations were sampled on the south-facing side of 
Swartberg pass. Protea eximia and P. punctata populations were located adjacent to one another. 
Protea repens was located approximately 2 km west of them and further downslope. At 
Cederberg P. laurifolia and P. nitida were adjacent to one another, but P. nitida occurred along a 
south-facing rocky hillside directly above the P. laurifolia. Protea repens at Cederberg was 
approximately 1.2 km west of the P. nitida and P. laurifolia populations but at a similar 
elevation. 
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Between 10-20 individuals were sampled per population for structural trait and 
physiological trait measurements (see methods below). We define structural traits here as those 
traits associated with leaf and stem organ morphology (e.g. leaf length width ratio, stomatal pore 
size, and bark thickness) and/or those that reflect the allocation of biomass to different tissues 
within an organ (e.g. leaf lamina density and stem specific density). These structural traits are 
themselves likely associated with aspects of plant fitness (Lechowicz and Blais, 1988), in 
addition to their effects on variation in whole plant rates of carbon assimilation and water use 
(Niinemets et al., 2014), which we describe below and refer to as physiological traits.  
On each plant we also measured the height of the main stem, the basal diameter of the 
main stem, canopy area (calculated as an ellipsoid, using the distance of two perpendicular 
measurements of the canopy). The height and canopy area measures were included as size traits 
in our analysis described below.  We also estimated approximate age of each measured 
individual. We determined age by counting the number of branching events (i.e., the number of 
internodes) on the main stem, which has been shown to be a good estimate of age (Carlson et al., 
2011). In reseeding species, all seedlings emerge at roughly the same time shortly after a fire. As 
a result, all individuals in these populations were about the same age (+/- 2 years). It is common 
for reseeding species to reach reproductive maturity within 2-3 years of seedling establishment 
post-fire (Protea Atlas Project; Rebelo 2001, 2006). All of our populations of reseeding 
populations consisted of adult plant stands that were greater than seven years old (Table 1) and 
thus well past age of first flowering and nearing the end of their expected lifespan of 
approximately 10-13 years, which is determined by the fire return interval. For the one 
resprouting species, P. nitida, we sampled individuals in the population that were approximately 
the same age, although individuals of different ages can occur within a population. In general, 
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even though there were differences in age between populations and sites, all sampled individuals 
were adults and all individuals sampled within a population were roughly the same age (Table 1). 
All Protea species retain seeds in their seedheads until fire. Thus, the number of 
inflorescences and seedheads (henceforth seedheads) is a direct proxy for reproductive output, a 
key component of fitness. We counted the total number of inflorescences and seedheads on each 
individual as an index of fitness. Previous work in other Protea species has shown a strong 
positive association between the total estimated number of seeds per plant and the number of 
inflorescences (Carlson and Holsinger, 2013). 
 
Structural Trait Measurements 
 
On each sampled individual we collected a branch, cut at the second internode, from which we 
obtained leaf and wood traits. We selected the first fully expanded, sun-exposed leaf, which was 
always from the previous year’s growth, as the current year’s leaves were not fully matured. 
Fresh leaves were scanned and the images were later analyzed using the software ImageJ 
(Schneider et al., 2012) to determine the single-sided leaf lamina area (cm2) and lamina length-
width ratio. We calculated length-width ratio (LWR, unitless) as the length of the longest part of 
the leaf blade excluding the petiole divided by the width of the widest part of the leaf blade. We 
used a digital micrometer (Mitutoyu IP65) to measure the thickness of fresh leaves. We took 
three measurements per leaf, avoiding major veins, and we took the average of these 
measurements as a measure of lamina thickness. We dried the leaves at 60°C for at least three 
days in a drying oven before measuring dry mass. We estimated leaf mass per area (LMA, g cm-
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2) as total dry mass divided by the total fresh area, and we estimated lamina density (LD, g cm-3) 
as LMA divided by lamina thickness (Kitajima and Poorter, 2010).  
Before drying the leaves we made a stomatal peel on both the adaxial and abaxial sides of 
each fresh leaf by applying clear nail polish to the bottom, right portion of the leaf, letting it dry, 
and lifting the peel up with transparent tape. Another piece of tape was placed on top of the peel 
to preserve it. We subsequently analyzed these peels under a light microscope to estimate 
stomatal density, stomatal length, and stomatal pore index. Protea species have stomata that are 
sunken within an epistomatal cavity (JE Carlson, National Parks Service, USA and CS Jones, 
University of Connecticut, USA, unpubl. res.). Thus, our peels do not directly measure guard cell 
length. Instead, we measured the size of the stomatal pore by measuring the longest length from 
the edges of the epistomatal cavities. We measured the stomatal pore length (mm) of three 
stomata from three different views of the peel on both the abaxial and adaxial surfaces of the 
leaf. Stomatal pore densities (mm-2) were quantified as the number of stomata per mm2 and were 
also measured from three different views of the peel on both surfaces of the leaf. As the densities 
and lengths did not differ between the sides, we hence used the average of the abaxial measures 
in our analyses. Stomatal Pore Index (SPI, unitless) was calculated as the density multiplied by 
the square stomatal pore length. It is proportional to total stomatal area across the surface of the 
leaf (Carlson et al., 2016).  
We also measured wood density (g cm-3) and bark thickness (mm) for each sampled 
individual. To measure wood density we removed the bark from a section of two-year old 
sapwood and hydrated it under a vacuum until completely saturated. We determined wet volume 
of the stem as the mass of the water displaced. The sample was then oven-dried at approximately 
75°C for five days, after which we measured its mass. Wood density was calculated as the oven-
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dry mass of the stem divided by its wet volume (following Martinez-Cabrera et al., 2009). We 
measured bark thickness (phloem plus cortex and epidermis) on hydrated stems using a digital 
micrometer. We measured the thickness on bark at the top and bottom of each stem section (the 
section on which wood density was calculated) using the average of the two measurements as 
our estimate of bark thickness. 
 
Physiological Trait Measurements 
 
Photosynthesis, Stomatal Conductance, and Instantaneous Water Use Efficiency 
 
We measured the light-saturated photosynthetic rate under ambient conditions on all individuals 
sampled for morphological traits. All measurements were taken on clear days from July-August 
2016 between 0900 and 1400 using a LiCor 6400XT with a CO2 mixing system and a red/blue 
LED light source (Lincoln, NE). We measured photosynthesis on the same leaves that we used 
for structural trait analysis. We maintained the conditions inside the LiCor chamber as close as 
possible to ambient conditions on a bright and clear day. We set PAR to 1500 µmol x m-2 x s-1, 
CO2 to 400 µmol x mol-1, temperature to 25°C (+/- 2°C), and relative humidity between 35 – 
45%. When taking gas exchange measurements, we first allowed the leaf to acclimate to 
chamber conditions for three to five minutes, or until fluctuations in internal carbon 
concentrations were minimal. Then we took three measurements for each leaf, waiting one to 
two minutes between each measurement. We used the average of these three measurements as 
our estimate of area-based light-saturated photosynthetic rate (Aarea) value for that individual. In 
instances where the leaf did not fill the entire 3 x 2 cm2 chamber, we corrected the raw estimate 
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using our measurement of leaf area for that leaf. In some cases with P. repens the total leaf area 
in the chamber using a single leaf was very small. To provide stable estimates of photosynthetic 
rate, we placed two, non-overlapping leaves side-by-side in the chamber to increase total area. 
We also recorded transpiration and stomatal conductance and used them in the analysis as 
indicators of water conservation and carbon assimilation. Finally, we calculated instantaneous 
water use efficiency (WUE) as assimilation rate divided by transpiration (Lambers et al., 2008). 
 
Sapwood-Specific Hydraulic Conductivity 
 
After sampling all individuals in the population, we collected the branches on which we 
measured photosynthetic traits and structural traits. We cut the stems below the second most 
recent node, and the portion of the stem between the second and first nodes (i.e., the portion of 
the branch that was two years old) was used to measure maximum hydraulic conductance (Kmax). 
Stems were immediately placed in a bucket of deionized water and kept under water until they 
were hydrated. Kmax was measured between eight hours and four days later. Before measuring 
Kmax we cut back a portion of two-year old stem, keeping track of the bottom (root oriented) and 
top (leaf oriented) ends. 
We removed all leaves from the stem segments before hydrating them for 12-24 hours 
under a vacuum using deionized and degassed water following the protocol from Espino and 
Schenk (2010). After hydration, no bubbles emerged from the top of the stem indicating that all 
air had been removed from the vascular column. The water used for the measurements was 
deionized and had been degassed by pumping it through a 0.2 µm filter at an absolute pressure of 
~30 kPa. We immediately removed the bark from the top portion of the stem, submerged the 
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stem in a tray of deionized water, cut ~1cm of stem from the base of the stem to remove any 
embolisms introduced during stem transfer, and attached the stem to tubing that fed into a 
XY’LEM embolism meter (Bronkhorst, Montigny les Cormeilles, France) so that there was a 
continuous water column from the XY’LEM water source to the stem. To calculate Kmax it is 
necessary to quantify the flow rate across the stem relative to the change in pressure. We report 
sapwood-specific hydraulic conductivity (Ks) as it takes into account the length of the stem 
segment as well as the cross-sectional area of the stem (Pérez-Harguindeguy et al., 2013).  
 
Ks = F*L / (ΔP*Asw), 
 
Where F is the flow rate (kg s -1), L is the length of the stem (m), ΔP is the pressure differential 
(MPa-1), and Asw is the cross-sectional area of the stem (m-2). Note that the XY’LEM reports 
flow rate, but this rate is corrected for flow under zero pressure (F0). This correction was 
measured for each run and incorporated into the calculated flow rate. Additionally, the recorded 
conductivities were adjusted assuming the water was at 20°C to account for change in water 
viscosity, following Espino and Schenk (2010). We recorded flow rates after they stabilized 
(approximately 2 to 3 minutes). In the absence of flow, we cut back the stem at the top and base 
under water, and re-measured. If flow was still absent, we rehydrated the stem and repeated the 
measurements. After the flow rates were measured we recorded the length of the stem and its 
cross-sectional area (average of the areas from the base and top of the segment).  
 
Leaf Specific Conductivity and Leaf Specific Photosynthetic Rate 
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Huber value is the sapwood cross-sectional area relative to the total leaf area and it is an 
indication of the total photosynthetic biomass produced for a given investment in wood 
(Menuccini and Bonosi, 2001). To measure the Huber value of each sample, we removed all of 
the leaves above the point of the cut branch. We measured the cross sectional area of the 
sapwood at the base of the stem. Then scanned all of the leaves on a digital scanner and 
determined their total area using ImageJ. The sampled branches had minimal leaf damage, 
removing the effect of leaf loss and herbivory which can bias the total leaf area measurements.  
We used Huber values to determine leaf specific conductance (LSC; sapwood-specific 
conductivity divided by total leaf area of the stem, Tyree & Zimmerman, 2002) and leaf specific 
photosynthetic rates (LSP; light saturated photosynthetic rate per area divided by Huber value). 
LSC measures the investment in photosynthetic area given the rate at which the leaves receive 
water, and is a proxy for the balance between water loss through transpiration relative to water 
supply (e.g. Sterck et al., 2008). Similarly, leaf specific photosynthetic rate is a proxy for the 
total amount of carbon assimilation relatively to investment in sapwood. 
 
 
Statistical Analyses 
 
Comparison of variance structure between structural and physiological traits 
 
To evaluate the variance structure (i.e. the proportion of variance in traits within species relative 
to among species) for each structural and physiological trait we used a random intercept model 
with a species random effect. As we used a Bayesian modeling framework, we were able to 
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estimate the mean proportion of within species variance for each structural and physiological 
trait, in addition to the degree of uncertainty associated with this estimate by evaluating the full 
posterior distribution for each variance component. Specifically, we implemented the following 
model in in R (version 3.6.1) using the rstanarm package (Stan Development Team 2016): 	
mod.rstan <- stan_glmer(LMA ~ (1|Species), family = gaussian(link = 
"identity"), data = dat_sub) 
	
From this, the within species variance is the sigma parameter estimate squared, the 
among species variance is the variance among the five species random intercepts, and the 
proportional within species variance percentage is the within species variance divided by the sum 
of the within species variance and the among species variance, multiplied by 100: 	
mod.rstan.df <- as.data.frame(mod.rstan) 
among_var <- apply(mod.rstan.df[,2:6], 1, var) 
within_var <- (mod.rstan.df$sigma)^2 
within_var_percent <- (within_var/(among_var + within_var))*100 
 
Analysis of trait, size and fitness relationships 
 
To allow us to simultaneously evaluate associations among structural traits, physiological traits, 
plant size, and reproductive effort, we constructed a Bayesian path analysis model in Stan 
(Carpenter et al., 2017), and implemented the analysis using the rstan package in R (Stan 
Development Team 2018). Figure 3 provides a schematic of the relationships used in the model, 
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and the complete diagram of the relationships among variables is provided in Supplemental 
Figure 3.  
 
Each path in the model was expressed as a linear model of the form 	 𝑦!"#~𝑁 𝜇!" ,𝜎!"!  
𝜇!" = 𝛽! + 𝛽!𝑥!!!!! + 𝜖! + 𝜖!"  𝜖!~𝑁 0,𝜎!!  𝜖!"~𝑁(0,𝜎!!) ,		
where 𝑦!"# is the observation of the kth individual, of species i in the jth site. 𝛽! is the intercept, 𝛽! is the path coefficient for covariate p, 𝑥! is the value of covariate p, 𝜖! is the random effect 
associated with species i, and 𝜖!" is the random effect of site j (nested within species i). For 
example, the path leading to leaf specific photosynthetic rate (LSP) is a multiple regression of 
LSP on wood density (wd), leaf lamina area (lf_area), leaf mass per area (LMA), leaf density 
(ld), leaf length-width ratio (lw), bark width (bw), stomatal length (s_length), stomatal density 
(s_dens), and stomatal pore index (spi).  Other physiological traits are regressed on the same set 
of structural traits, and the residual variance associated with the regression in each physiological 
trait is treated as independent of the residual variance in regressions involving other 
physiological traits. The regressions of size traits (e.g. height and canopy area) are treated 
analogously with the covariates including all structural and physiological traits. Finally, the 
number of seedheads is regressed on all structural, physiological and size traits. Furthermore, 
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since number of seedheads is positive and discrete, we modeled the number of seedheads using a 
Poisson regression with a log link, so that 	 𝑦!"#~𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜇!") ,		
where 𝑙𝑜𝑔(𝜇!") has the same linear structure as 𝜇!" above. To facilitate the choice of priors and 
comparison of the influence of different covariates, all variables were standardized to a mean of 
zero and a standard deviation of one prior to the analysis. Source code and data files for these 
analyses are available at https://kholsinger.github.io/Protea-traits-physiology-fitness/. We used 
independent N(0,1) priors on 𝛽! and the 𝛽! and a half Cauchy(0,5) on the variance parameters. 
We used 4 chains in the analysis with a burn-in of 1250 iterations and a sample of 1250 iterations 
for a total of 5000 samples from the posterior. Because Stan uses Hamiltonian Monte Carlo, 
posterior draws are very efficient. Thinning was unnecessary, estimates of Rhat were all less than 
1.05, and no divergent transitions were reported. We report posterior means for path coefficients, 
and we identify coefficients of whose sign we are confident based on whether 80% or 95% 
symmetric credible intervals overlap zero. To assess the extent to which covariates account for 
variation in the dependent variable, we calculated a Bayesian version of 𝑅! (Gelman et al., 
2017). 
 
 
Results 
 
Intraspecific trait variation of structural and physiological traits 
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We evaluated the variance structure (i.e. the proportional intraspecific trait variation relative to 
among species variation) for the nine structural traits and the six physiological traits measured. 
The average within species variation observed in structural traits ranged between 13% - 45%, 
while within species variance accounted for between 75% - 90% of the variation observed in 
physiological traits (Fig. 4). Only ~22% of the variation in our measures of size is attributed to 
within species variance, which is unsurprising given that individuals within a population were all 
approximately the same age. Our approach also allows us to evaluate the uncertainty associated 
with the mean estimates for the variance partitioning by summarizing the posterior distribution 
of each within species variance estimate (i.e. evaluating the 95% credible intervals for each mean 
estimate). We observed much greater uncertainty in our estimates of within species variance for 
the physiological traits than for the structural traits. Despite these broad credible intervals it is 
clear that for the traits we measured within species variance is substantially greater for 
physiological traits, while the variation in structural traits is largely attributed to among species 
differences.  
 
Evidence of Pairwise Relationships: Structural Trait and Physiological Trait Associations 
 
To assess the significance of the pairwise associations in the path model, we evaluated the 
magnitude of an estimate and its uncertainty (given either as the 80% or 95% credible interval) 
for each regression coefficient in each path of the model (see Fig. 3 for a summary of the path 
model and Fig. S3 [Supplemental Information] for the full path model). For example, to 
evaluate the effect of LMA on photosynthetic rates we looked at the multiple regression in the 
path model indicated by arrow 2 in Figure 3, in which photosynthetic rate is a function of all nine 
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structural traits (see Methods for full description of the model and the inclusion of random 
effects). From this multiple regression, we get the mean estimates and associated uncertainties 
for all nine predictor covariates. Given that we scaled all of the trait data to have a mean of zero 
and a standard deviation of one, the estimates will be similarly scaled and estimates with a 
magnitude of zero indicate no association between the two traits of interest. The mean effect of 
LMA on photosynthetic rate is -0.172 (Table 2) indicating a negative association between LMA 
and photosynthetic rate. However, the 95% credible interval for this estimate overlaps zero (95% 
CI: -0.505, 0.164), which means that we do not have strong evidence to support this association 
in the context of the full path model. Moving forward, we conclude we have strong evidence of 
an association between two variables if the 95% credible intervals for the estimate do not overlap 
zero. We conclude there is a weak association, albeit uncertain, if the 80% credible intervals do 
not overlap zero. 
In total, we evaluated 54 bivariate associations between structural traits and physiological 
traits in the context of the path model (Fig. 3: arrow 2; with nine structural traits included as 
covariates in six multiple regressions reflecting the six physiological response traits). Of these 54 
relationships, we find strong evidence for only four associations between structural traits and 
physiological traits and weak evidence for an additional nine associations (Table 2; Fig. 5). 
There is a strong positive association between leaf length-width ratio and both hydraulic 
conductance and leaf specific conductance. Given these positive associations, it is not surprising 
that we also found a negative association between leaf length-width ratio and water use 
efficiency. Leaf area is positively associated with leaf specific photosynthetic rate. Similarly, 
stomatal pore length and stomatal pore density are positively associated with hydraulic 
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conductance, albeit weakly. The remaining associations between structural traits and 
physiological traits were weaker and the sign of the associations uncertain.  
 
Evidence of Pairwise Relationships: Trait and Size Associations  
 
We evaluated a total of 25 pairwise associations between structural traits and size (Fig. 3: arrow 
4) and physiological traits and size (Fig. 3: arrow 5). The only strongly supported associations 
between traits and either size measure (e.g. height or canopy area) were the positive association 
between leaf specific conductivity and canopy area and the negative association between leaf 
specific photosynthetic rates and canopy area (Table 2). Other associations between 
physiological traits and size were weaker and the sign of the association was uncertain, and none 
of the structural traits show convincing associations with either height or canopy area (Fig. 3: 
arrow 4; Table 2). 
 
Evidence of Pairwise Relationships: Trait and Size Associations with Reproductive Effort 
 
Our model estimates a total of 17 pairwise relationships among structural traits and reproductive 
effort (Fig. 3: arrow 1), physiological traits and reproductive effort (Fig. 3: arrow 3), and plant 
size and reproductive effort (Fig. 3: arrow 6). First, we find strong evidence for associations 
between six of the nine structural traits and reproductive effort (mean estimates summarized in 
Table 2). Individual plants with thicker bark, more dense wood, and higher stomatal pore index 
have lower reproductive effort. Individuals with larger leaves, larger stomatal pores, and higher 
stomatal density have higher reproductive effort. Second, individuals also had higher 
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reproductive effort if they have higher hydraulic conductance, leaf specific photosynthetic rate, 
and stomatal conductance. They have lower reproductive effort if they have higher values of leaf 
specific conductivity and water use efficiency. Lastly, both plant height and canopy area are 
positively associated with reproductive effort indicating that our measures of plant size are 
reasonable proxies for plant reproductive output, congruent with earlier studies of South African 
Proteaceae (e.g., Mustart and Cowling, 1992). 
 
Strength of Multiple Regression Models 
 
In addition to evaluating the pairwise relationships in the context of the path model, we also 
evaluated the support for the individual multiple regressions for each of the physiological traits, 
and for each of the size traits. The multivariate regression of individual physiological traits on 
structural traits accounted for 35-70% of the variation in physiological traits (Fig. 3). Similarly, 
the multivariate regression accounted for 78% and 64% of the variation in plant height and 
canopy area, respectively (Fig. 3). For comparison, we analysed all univariate models relating 
structural traits to physiological traits (54 models total), all univariate models relating structural 
traits to size traits (18 models total), and all univariate models relating physiological traits to size 
traits (12 models total) and calculated Bayesian R2 values for each of these models (summarized 
in Fig. S4). Associations revealed in univariate regressions of physiological traits on structural 
traits showed that most individual structural traits were poor predictors of physiological 
performance (mean R2 = 0.27, range = 0.18-0.46). In contrast, univariate regressions of size on 
physiological or structural traits revealed that many structural traits (mean R2 = 0.65, range = 
0.59-0.71) and physiological traits (mean R2 = 0.65, range = 0.60-0.72) were good predictors of 
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plant size. In our multivariate path model, we see that the individual estimates for structural and 
physiological traits on plant size measures are large in magnitude, but they have broad credible 
intervals indicating the uncertainty in assigning confidence to these estimates. The strong 
associations between structural and physiological traits with plant size in the univariate models is 
likely a result of the strong covariance among these traits, and their correlated effects on plant 
size. For the relationships between structural traits and physiological traits, however, we see that 
while individual structural trait associations may be weak, variable, uncertain, combinations of 
structural traits have a predictable relationship with plant physiological performance. 
 
 
Discussion 
 
Although much work in plant ecology over the past decade has focused on analysis of functional 
traits, relatively few have examined the association between those traits and indicators of 
physiological performance or fitness (Caruso et al., 2019), and even fewer have examined those 
associations at the level of individuals (see Swenson et al., 2019 for a recent review). Here we 
demonstrate in five species of Protea from the western Cape region of South Africa that 
individual differences in structural traits are associated with individual differences in 
physiological performance, and that both are associated with individual differences in overall 
plant size and reproductive effort. In addition, we show that in spite of substantial structural trait 
differences among species, differences in physiological traits among species are relatively 
modest. Finally, we show that a substantial fraction of the differences in physiological traits 
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among individuals can be accounted for by multivariate differences in structural traits even when 
associations of individual traits with physiological trait measures are weak or uncertain.    
 
Structural traits differ greatly but physiological traits differ little between species 
 
While studies of trait-based ecology have often focused on differences among species (Albert et 
al., 2010, 2011), recent work demonstrates that intraspecific trait variation observed both within 
and across populations is often substantial (Albert et al., 2010; Hulshoff and Swenson, 2010; 
Siefert et al., 2015). As expected, our results show that most of the variation in structural traits is 
a result of differences among species. In contrast, we found that most of the variation in 
physiological traits is a result of differences among individuals within species. The substantial 
intraspecific trait variation observed in physiological traits is likely not due to developmental 
differences among individuals within a population, as individual plants within a population were 
all approximately the same age and demonstrated little variation in plant size (e.g., height and 
canopy area) relative to differences observed among species. 
To our knowledge only a few studies have compared the intra- and interspecific 
partitioning of structural and physiological trait variation, but Marks' (2007) simulation study of 
traits and trait covariances in seedlings may be informative. Physiological traits represent more 
integrated aspects of individual plants, because rates of photosynthesis or stem water 
conductance are determined by a variety of structural traits, only some of which are commonly 
measured. Interestingly, Marks (2007) found that traits exhibiting more integration also exhibited 
more variation within than among species, consistent with the results presented here. Similarly, 
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Siefert et al. (2015) found that “whole-plant traits” were much more variable within populations 
than among species in a global-scale meta-analysis of trait variation within plant communities.  
 
Trait differences may suggest functional differentiation along a resource conservation axis 
 
Our results reveal identifiable relationships between individual structural traits and reproductive 
effort even after accounting for their association with physiological traits and plant size. Some of 
these associations suggest that differences in reproductive effort are associated with differences 
among individuals in the degree to which they invest in resource conservation. For example, 
individuals with thicker bark and higher wood density also had lower reproductive effort. 
Investment in thicker bark and denser wood provides protection against fire (Larjavaara and 
Muller-Landau, 2010; Lawes et al., 2013; Hempson et al., 2014; Charles-Dominique et al., 
2017), but it may also represent a structural cost that is associated with reduced investment in 
seed production (Chave et al., 2009). In contrast, individuals with larger leaves also had higher 
reproductive effort, consistent with higher rates of carbon acquisition leading to faster growth 
and greater reproductive investment. 
Similarly, we found a strong, positive association between leaf specific photosynthetic 
rates and reproductive effort. Leaf specific photosynthetic rate is an index of the rate of 
instantaneous carbon gain as integrated across the entire canopy. As a result, it is likely to be a 
better indicator of total carbon acquisition than area- or mass-based photosynthetic rates. Indeed, 
Aarea showed only a weak (and possibly negative) association with reproductive effort.  
While we did not detect a strong association between leaf-level photosynthesis and 
reproductive effort, we did find convincing evidence that individuals with higher rates of 
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hydraulic conductance and lower water use efficiency also had greater reproductive effort, which 
is consistent with a water-spending strategy that maximizes transpiration and carbon gain during 
photosynthetically active periods. In contrast, individuals with higher levels of water 
conductance per unit leaf area produced fewer seedheads, which suggests that there is selection 
in this system against a phenotype that does not efficiently balance carbon acquisition with water 
loss through transpiration. 
In other instances, the association between reproductive effort and resource conservation 
is less apparent. For example, individuals with larger stomata at a given stomatal density or 
higher stomatal density for a given stomatal size also had higher reproductive effort. While we 
did not detect a convincing association between stomatal size and stomatal conductance in the 
species we studied, other studies have identified such associations (Aasamaa et al., 2001; Taylor 
et al., 2011). Similarly, previous work in Protea repens (Carlson et al., 2016) showed that in hot 
and dry conditions individuals with higher stomatal density also had both higher stomatal 
conductance and higher reproductive effort. Given these observations, the negative association 
we detected between stomatal pore index and reproductive effort might reflect the commonly 
observed trade-off between stomatal size and stomatal density (Franks et al., 2009). 
 
Trait combinations best predict plant performance 
 
Our path model allowed us to evaluate 101 associations among structural traits, physiological 
traits, plant size, and reproductive effort. Many of the trait-trait associations expected based on 
biophysical models that underlie the leaf economics and the wood economics spectrums are 
weak and poorly supported. For example, we detect a negative association between wood density 
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and stem hydraulic conductance, as expected from the wood economics spectrum (Chave et al., 
2009), but it is only weakly supported (i.e. the 80% credible interval overlaps 0). Of the 54 
associations between structural traits and physiological traits included in our model, we found 
strong evidence (i.e. the 95% credible interval does not overlap zero) for just four associations. 
Nonetheless, multivariate regressions using these traits reveal clear associations between 
individual-level traits and physiological traits (Fig. 3, R2 of 0.37-0.64), demonstrating the 
importance of considering trait combinations and multivariate phenotypes when evaluating plant 
strategies and performance (Laughlin and Messier, 2015; Messier et al., 2017a).  
 While the paucity of strong associations between single structural traits and physiological 
traits appears to conflict with studies demonstrating clear trade-offs in pairwise trait analyses 
(Wright et al., 2004; Chave et al., 2009), the signs of the individual regression coefficients in the 
multivariate analysis are consistent with differentiation along a whole plant axis representing 
differences in investment for growth and reproduction versus safety and storage. Differentiation 
along such an axis seems reasonable given that these plants are adapted to a fire-dominated 
ecosystem in which they have a limited time-span to maximize lifetime fitness before the next 
fire cycle returns.  
 
 
Conclusions 
 
Recent research demonstrates that trait-trait associations observed at broad geographic and 
phylogenetic scales may not exist when considering smaller phylogenetic (Mitchell et al., 2015; 
Anderegg et al., 2018; Messier et al., 2018) and spatial scales (Funk and Cornwell, 2013; 
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Messier et al., 2017b), leading some to question whether the LES and WES provide useful 
insights for trait-based ecology. If tradeoffs in LES and WES arise from biophysical constraints, 
we should find them at the level of individual leaves or individual plants (Swenson et al., 2019). 
At other hierarchical levels the relationships, if they exist, are likely to reflect macro-ecological 
and macro-evolutionary processes (Messier et al., 2018).  
 Here we explicitly test the strength of trait-performance relationships at the level of 
individual plants. Although we reliably detect only a few associations when evaluating 
individual structural traits, multivariate combinations of structural traits show strong associations 
with physiological traits. Furthermore, multivariate combinations of both structural and 
physiological traits show strong associations with size. In spite of these strong associations, co-
occurring species differ substantially more in structural traits than in physiological traits. This 
may seem surprising, since ecologists commonly assume that coexistence requires trait 
differences (“limiting similarity” sensu Macarthur and Levins, 1967), but ecologists also 
recognize that co-occurring species may be similar in traits related to competitive hierarchies 
(Herben and Goldberg, 2014). If species differ substantially in performance, after all, the one 
with higher performance will exclude the other. 
The dynamics of natural selection may provide an additional explanation for the 
relatively small among-species differences in physiological traits that we observed. As Fisher 
(1930) pointed out nearly a century ago, natural selection erodes additive genetic variance over 
time. Thus, traits strongly associated with fitness are likely to harbor less additive genetic 
variance than those that are weakly related to fitness (summarized in Mousseau and Roff, 1987). 
Physiological trait measures associated with carbon and water balances seem likely to be more 
closely associated with whole plant performance and fitness than other structural elements of the 
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LES or WES. Previous work in Protea (Carlson et al., 2010; Carlson and Holsinger, 2012; 
Prunier et al., 2012) has demonstrated that among population variation in structural traits include 
a significant genetic component. Similarly, we detect substantial among-species differences in 
these traits, consistent with the hypothesis that structural traits associated with the LES and WES 
are less tightly tied to individual fitness within populations than measures of physiological 
performance. 
 While it is generally understood that trait difference are required for evolutionary 
responses, ecologists often focus on differences in mean trait values between species and neglect 
the role of intraspecific trait variation (Bolnick et al., 2011). Our results show that differences in 
structural traits measured at the individual plant level, lead to differences in physiological 
traits, and the variation in these physiological performance measures are largely the result of 
differences between individual plants rather than between species. Taken together, these 
results suggest that ecological investigations of species coexistence are incomplete without 
attention to performance differences among individuals. Lastly, our results suggest that 
understanding the mechanistic basis of tradeoffs in the LES, WES, or other axes of life history 
variation requires that a focus on trait relationships measured on individual organisms so that we 
can properly scale the resulting associations to higher taxonomic and spatial scales.  
 
 
Supplementary Data 
 
Supplementary data are available online at <link will go here when we submit> and consist of 
the following. Figure S1: boxplots of all nine structural traits for all populations (e.g. all species 
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by site combinations). Figure S2: boxplots of all six physiological traits for all populations. 
Figure S3: diagram of the complete path model, demonstrating the direction of the associations 
between traits for all 101 paths in the model. Figure S4: histogram showing the distribution of 
the Bayesian R2 values calculated from analysis of univariate models. Table S1: mean trait 
values for all species and all traits. 
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Table 1. Sites where Protea populations were sampled. The site is characterized by climate data 
from (Schulze 1997): MAT (mean annual temperature), MAP (mean annual precipitation), and 
Seasonality (either a winter rainfall site, or an aseasonal site). 
 
Site Species Sampled at Site n 
Approximate 
Stand Age 
Population 
Elevation 
Population 
GPS Location 
 
Cederberg 
MAT: 11.2°C 
MAP: 509cm 
Seasonality: winter rainfall 
 
P. repens 
P. laurifolia 
P. nitida 
 
19 
13 
8 
 
8 yrs. 
18 yrs. 
20+ yrs 
 
916m 
916m 
916m 
 
-32.43125, 19.14387 
-32.43027, 19.15748 
-32.43027, 19.15748 
 
Jonaskop 
MAT: 16.3°C 
MAP: 568cm 
Seasonality: winter rainfall 
 
P. repens 
P. laurifolia 
P. punctata 
 
20 
20 
20 
 
9 yrs. 
15 yrs. 
10 yrs. 
 
983m 
857m 
1503m 
 
-33.94628, 19.51844 
-33.92868, 19.52423 
-33.97053, 19.49953 
 
Swartberg 
MAT: 16.5°C 
MAP: 170cm 
Seasonality: aseasonal 
 
P. repens 
P. punctata 
P. eximia 
 
20 
16 
15 
 
10 yrs. 
10 yrs. 
13 yrs. 
 
1110m 
1188m 
1188m 
 
-33.36245, 22.09049 
-33.36281, 22.06939 
-33.36281, 22.06939 
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Table 2. Mean estimates from the hierarchical path model. Bold indicates the 95% credible 
intervals do not overlap zero. Italics indicate the 80% credible intervals do not overlap zero. 
	 	 	
Physiological Traits Size Fitness 	  Ks LSC Aarea LSP Stom. Cond. WUE Height Canopy Area Rep. Effort 
St
ru
ct
ur
al
  
T
ra
its
 
Bark Thickness 0.268 0.302 0.018 0.256 -0.043 -0.002 -0.134 -0.149 -0.234 
Wood Density -0.108 -0.129 -0.011 -0.080 -0.067 0.154 -0.062 -0.057 -0.069 
Lamina Area -0.048 0.062 0.181 0.477 0.015 -0.144 0.228 0.045 0.102 
LMA -0.008 -0.033 -0.172 -0.038 0.009 -0.014 0.135 0.075 0.015 
Lamina Density 0.153 0.078 0.130 0.030 0.116 -0.032 0.010 -0.023 0.032 
LWR 0.454 0.527 -0.154 0.198 0.215 -0.317 0.015 -0.041 -0.040 
SP Length 0.659 0.515 -0.094 0.638 -0.670 0.325 0.266 0.444 0.222 
SP Density 0.566 0.381 -0.016 0.283 -0.171 0.281 0.126 0.287 0.202 
SPI -0.293 -0.239 0.230 -0.189 0.304 -0.337 -0.175 -0.301 -0.184 
Ph
ys
io
lo
gi
ca
l 
T
ra
its
 
Ks       -0.194 -0.197 0.122 
LSC       0.242 0.296 -0.148 
Aarea       0.032 0.073 -0.036 
LSP       -0.171 -0.179 0.059 
Stomatal 
Conductance       -0.070 -0.009 0.093 
WUE       0.030 -0.011 -0.035 
Si
ze
 Height         0.170 
Canopy Area         0.689 
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Figure 1. Outlines of leaves from the five Protea species: (A) P. nitida, (B) P. eximia, (C) P. 
punctata, (D) P.  laurifolia, and (E) P. repens. 
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Figure 2. Distribution of the three study sites where individuals were sampled (3 populations per 
site) between July – September 2016. See Table 1 for more information about the sampled 
populations and climatic characteristics of each site. 
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Figure 3. Diagram representing the path model simultaneously analyzing relationships between 
structural traits, physiological traits, size, and reproductive effort. See Methods for description of 
analysis. Presented are the Bayesian R2 values associated with physiological and size trait 
responses. 
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Figure 4. Posterior distributions of the within species variance for all structural, physiological, 
and size traits estimated using a random intercept model. The entire posterior distribution is 
plotted for each trait to demonstrate the mean estimate of the within species proportional 
variance in addition to the uncertainty associated with variance partitioning estimates. 
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Figure 5. Coefficient estimates for each of the structural traits on each of the physiological traits 
from the path model (also summarized in Table 2). The circles indicate the mean of the posterior 
distribution for the coefficient, the bold bar indicates the 80% credible interval of the posterior 
distribution, and the outer line indicates the 95% credible interval. The dashed vertical line in 
each plot is zero. The structural traits represented on the y-axis in each panel are ranked 
according to their association with fitness in the path model. The order is as follows: stomatal 
length (SL), stomatal density (SD), leaf lamina area (LA), lamina density (LD), leaf mass per 
area (LMA), leaf length-width ratio (LWR), wood density (WD), stomatal pore index (SPI), bark 
thickness (BT). 
	 59	
Supplementary Data 
 
 
Figure S1. Boxplots of structural traits, by species and site. Trait values were compared across 
species within sites using a Tukey’s HSD post hoc test to determine species differences. See 
Table S1 for trait units.  	
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Figure S2. Boxplots of physiological traits, by species and site. Trait values were compared 
across species within sites using a Tukey’s HSD post hoc test to determine species differences. 
See table S1 for trait units.		
  
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
Cederberg Jonaskop Swartberg
PRLA PRNI PRRE PRLA PRPU PRRE PREX PRPU PRRE
10
14
18
Species
Aa
re
a
a"
a"
b"
a"
a"
b"
a" a"
b"
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
Cederberg Jonaskop Swartberg
PRLA PRNI PRRE PRLA PRPU PRRE PREX PRPU PRRE
−3
−2
−1
0
Species
log
(S
to
m
at
al 
Co
nd
uc
ta
nc
e)
a" a"
b"
a,b"
b" a" a"
b"
c"
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
● ●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
Cederberg Jonaskop Swartberg
PRLA PRNI PRRE PRLA PRPU PRRE PREX PRPU PRRE
5
10
15
Species
In
sta
nt
an
eo
us
 W
at
er
 U
se
 E
ffic
ien
cy
a" a"
b"
a"
b"
a" a"
b"
a"
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
Cederberg Jonaskop Swartberg
PRLA PRNI PRRE PRLA PRPU PRRE PREX PRPU PRRE
−7.5
−7.0
−6.5
−6.0
−5.5
−5.0
Species
log
(L
ea
f S
pe
cif
ic 
Ph
ot
os
yn
th
et
ic 
Ra
te
)
a"
a"
b"
a"
b"
b"
a"
a"
a"
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
Cederberg Jonaskop Swartberg
PRLA PRNI PRRE PRLA PRPU PRRE PREX PRPU PRRE
−12
−11
−10
−9
−8
Species
log
(L
ea
f S
pe
cif
ic 
Hy
dr
au
lic
 C
on
du
cta
nc
e)
a"
b"
a,b" a"
b" b" a"
a" a"
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
Cederberg Jonaskop Swartberg
PRLA PRNI PRRE PRLA PRPU PRRE PREX PRPU PRRE
0.0
0.5
1.0
1.5
Species
St
em
 S
pe
cif
ic 
Hy
dr
au
lic
 C
on
du
cta
nc
e
a"
a"
a"
a"
a,b"
b"
a"
a"
a"
	 61	
 
 
Figure S3. Complete depiction of the path model and the associations between each covariate 
and response variable. Structural traits are on the first tier, physiological traits are on the second 
tier, size traits on the third tier and fitness is the last tier. Red lines indicate a negative association 
and black lines indicate a positive association. Solid, non-bolded lines indicate a weak 
association (i.e. the 80% credible intervals do not overlap zero) and the solid, bolded lines 
indicate a strong association (i.e. the 95% credible intervals do not overlap zero). The dashed 
lines indicate weak and uncertain associations (i.e. the 80% credible intervals do overlap zero). 
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Figure S4. Summary distribution of the mean Bayesian R2 values for univariate models. To 
compare with the strength of the multivariate regressions from the full path model, we ran 
univariate models (e.g. a single covariate and a single response) and calculated the Bayesian R2 
(Gelman et al., 2017) for each of these univariate models. In total, we ran 54 structural trait – 
physiological trait models, 18 structural trait – size trait models, and 12 physiological trait – size 
trait models. We used a similar model structure (a mixed effects model with site and species as 
random intercepts) as the full path model, but implemented the analyses using the rstanarm 
package (Stan Development Team 2016) in R (version 3.6.1). The univariate models that had a 
structural trait predictor and a physiological trait response (the Phys-Trait Model) had a mean R2 
of 0.27 (range 0.18-0.46). The models that had a structural trait predictor and a size trait response 
(the Size-Trait Model) had a mean R2 of 0.65 (range = 0.59-0.71). The models that had a 
physiological trait predictor and a size trait response (the Size-Phys Model) had a mean R2 of 
0.65 (range = 0.60-0.72). 
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Table	S1.	The	median	and	95%	quantiles	for	each	trait	and	species.		
	 	 Protea eximia	
Protea 
laurifolia	
Protea 
nitida	
Protea 
punctata	
Protea 
repens	
Structural	 	 	 	 	 	 	
Bark  
Thickness	 mm	
1.153  
(1.003, 
1.263)	
1.847  
(1.408, 
2.081)	
2.232  
(1.928, 
2.440)	
0.925  
(0.681, 
1.107)	
0.861  
(0.698, 
1.053)	
Wood  
Density	 g cm
-3	
0.452  
(0.405, 
0.473)	
0.508  
(0.457, 
0.552)	
0.526  
(0.496, 
0.557)	
0.528  
(0.481, 
0.566)	
0.573  
(0.531, 
0.626)	
Lamina  
Area	 cm
2	
40.25  
(32.21, 
49.10)	
20.05  
(16.42, 
26.09)	
42.87  
(39.40, 
48.55)	
15.44  
(10.55, 
18.21)	
6.114  
(4.882, 
7.197)	
Leaf Mass  
per Area	 g cm
-2	
0.021  
(0.019, 
0.023)	
0.039  
(0.036, 
0.044)	
0.032  
(0.031, 
0.035)	
0.028  
(0.024, 
0.031)	
0.030  
(0.028, 
0.033)	
Lamina  
Density	 g cm
-3	
0.480  
(0.438, 
0.522)	
0.523  
(0.499, 
0.577)	
0.483  
(0.468, 
0.500)	
0.450  
(0.413, 
0.502)	
0.607  
(0.534, 
0.714)	
Length-Width 
Ratio	 NA	
1.832  
(1.804, 
2.108)	
3.708  
(3.028, 
4.792)	
2.764  
(2.496, 
3.172)	
2.349  
(1.969, 
2.928)	
12.82  
(9.478, 
16.33)	
Stomatal  
Pore Length	 mm	
0.027  
(0.025, 
0.030)	
0.042  
(0.037, 
0.047)	
0.034  
(0.028, 
0.039)	
0.037  
(0.033, 
0.043)	
0.057  
(0.050, 
0.063)	
Stomatal  
Pore Density	 mm
-2	
66.02  
(62.88, 
78.39)	
59.73  
(51.35, 
65.81)	
78.94  
(70.28, 
90.32)	
63.40  
(52.40, 
80.17)	
36.15  
(31.96, 
43.59)	
Stomatal  
Pore Index	 NA	
0.053  
(0.040, 
0.066)	
0.104  
(0.082, 
0.126)	
0.091  
(0.052, 
0.140)	
0.092  
(0.067, 
0.120)	
0.117  
(0.101, 
0.140)	
Physiological	 	 	 	 	 	 	
Stem Specific 
Hydraulic 
Conductance	
kg s-1 m-1 MPa-1	
0.464  
(0.306, 
0.817)	
0.469  
(0.250, 
0.788)	
0.150  
(0.089, 
0.414)	
0.683  
(0.294, 
1.167)	
0.576  
(0.154, 
1.036)	
Leaf Specific 
Conductance	 kg s
-1 m-1 MPa-1	
7.69e-5  
(4.65e-5, 
1.12e-4)	
4.88e-5  
(2.29e-5, 
6.53e-5)	
1.79e-6  
(7.76e-6, 
3.87e-5)	
9.27e-5  
(4.74e-5,  
1.35e-4) 	
7.30e-5  
(1.81e-5,  
1.35e-4)	
Photosynthetic 
Rate (Aarea)	
µmol CO2 m-2 s-
1	
14.50  
(13.33, 
16.22)	
12.79  
(10.20, 
15.02)	
11.06  
(8.90, 
13.12)	
13.15  
(11.36, 
16.00)	
12.05  
(8.91, 
16.25)	
Leaf Specific 
Photosynthetic 
Rate	
µmol CO2 m-2 s-
1	 1.02e5 (6.51e4, 1.46e5)	 1.38e5	(9.19e4,	1.97e5)	 1.11e5	(7.73e4,	1.74e5)	 1.05e5	(6.59e4,	1.49e5)	 1.09e5	(5.95e4,	1.78e5)	
Stomatal 
Conductance	
mmol H2O m-2 
s-1	
0.127  
(0.106, 
0.154)	
0.149  
(0.100, 
0.199)	
0.177  
(0.091, 
0.222)	
0.156  
(0.099, 
0.197)	
0.155  
(0.084, 
0.709)	
Instantaneous 
Water Use 
Efficiency	
(Aarea * 
Trmmol-1)	
9.12	(8.27,	9.60)	 7.23	(6.11,	11.94)	 7.14	(5.97,	8.73)	 8.45	(6.04,	12.17)	 7.18	(2.30,	10.26)	
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Chapter 2 
 
Multiple ways to ‘pet’ a cat: trait covariances promote functional and species diversity within 
plant communities by producing similar individual performance 
  
 Introduction 
  
Trade-offs are fundamental to our understanding of species diversity in both evolutionary and 
ecological contexts. Natural selection tends to maximize fitness (Fisher, 1930), which might lead 
us to predict that selection would produce ‘Darwinian Demons’ (Law, 1978; Kneitel and Chase, 
2004) with both extremely low mortality and exceptionally high fecundity. The rarity or absence 
of these demons suggests that adaptation is constrained by trade-offs among different traits and 
functions (Schluter, 2001; Kneitel and Chase, 2004; Amarasekare, 2007; Hereford, 2009). High 
performance for one function often comes at the cost of low function in another (Kneitel and 
Chase, 2004). Thus,  there are limits to the adaptive potential of any organism (Agrawal et al., 
2010). 
Similarly, trade-offs among performance traits prevent ‘superspecies’ (Tilman, 1982) 
from dominating natural communities. Species that perform well along one niche axis often 
perform poorly on another (e.g. strong competitors may be weak colonizers and vice versa; 
Grime, 1977; Tilman, 1993). Trade-offs and constraints help to explain long-term species 
coexistence and the persistence of competing species within local assemblages (Clark et al., 
2007). For example, trade-offs in resource use may promote coexistence through resource 
partitioning in a homogenous habitats (Gause, 1934; Tilman and Wedin, 1991; Wedin and 
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Tilman, 1993). Trade-offs can also promote coexistence in spatially or temporally varying 
environments. Two species may each perform better in contrasting habitats or in different 
environments over time, which could promote coexistence (Chesson and Warner, 1981; Chesson, 
2000). Similarly, natural enemies may promote coexistence through negative density effects 
when competing species are attacked by specialized predators (Janzen, 1970; Connell, 1971). In 
short, trade-offs may promote coexistence through a variety of different mechanisms, but the 
underlying prediction is the same: If a species is always the better competitor or best able to 
avoid all predators, that species will outcompete others through time (Kneitel and Chase, 2004; 
Amarasekare, 2007).  
In spite of the clear theoretical expectation that trade-offs may promote coexistence, and 
the many studies demonstrating trade-offs among traits associated with life-history (Smith and 
Fretwell, 1974; Moles and Westoby, 2006; Wright et al., 2010), there remains little evidence of 
generalizable and consistent trade-offs among structural traits that we measure as proxies for 
plant performance (Anderegg et al., 2018; Messier et al., 2017a; 2018) and even less evidence 
that trade-offs in these traits promote coexistence (Clark et al., 2007; Adler et al. 2013). For 
example, the leaf economics spectrum (LES: Reich et al., 1997; Wright et al., 2004) represents a 
framework in which we can consider variation in several axes of leaf structure and performance 
in the context of a “live fast, die young” strategy (Shipley et al., 2006). Fundamental to this 
framework is that traits measured at the level of an individual leaf should negatively covary as a 
result of limited resource allocation and biophysical constraints. These patterns of trait co-
variation have been identified at global scales, but often are not present at lower taxonomic and 
spatial scales (Messier et al., 2017b; Anderegg et al., 2018). Even when evidence of negative 
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covariation of these traits is identified, it has rarely been used to explain species coexistence (but 
see Angert et al., 2009). 
Marks and Lechowicz (2006) suggested a resolution to this paradox. Their simulation 
study showed that selection on multivariate trait combinations can produce a variety of different 
functional forms with roughly equivalent performance. Implicit in their results, although they did 
not explore this, is the possibility that weak bivariate relationships are combined with relatively 
strong multivariate trait associations, as is observed when a small number of principal 
components account for much of the variation among many covarying traits. Traits like leaf area 
often vary dramatically within local plant communities, and many have interpreted the 
differences as evidence of differential resource use (Kraft and Ackerly, 2010). Others have 
suggested that the observed trait variation is neutral with respect to species interactions (Hubbell, 
2001). The Marks and Lechowicz (2006) result suggests that while trait differences among 
species may reflect differential resource use (and niche partitioning), performance differences 
among species within a community may be minimal, perhaps even effectively neutral, a 
conclusion that is also consistent with expectations from coexistence theory (Chesson, 2000). 
They argue that while trait variation in natural communities is often assumed to reflect species’ 
optimization to microenvironments, that “aside from major environmental heterogeneity, 
alternative designs are a major, if not the main, cause of functional diversity in nature” (Marks 
and Lechowicz, 2006). Unfortunately, few empirical studies have investigated this potential 
outcome in natural systems and an explanation for their theoretical result has not been 
developed. 
  In this study we use an extensive collection of structural and performance traits measured 
on individual plants to demonstrate that multivariate combinations of structural traits that differ 
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markedly among species lead to similar performance among co-occurring Protea sampled in 
natural communities in the Cape Floristic Region, South Africa. Specifically we demonstrate: (1) 
that physiological performance among different species are similar even when differences in 
structural traits among them are large; (2) that different trait combinations lead to similar 
performance, both within and across species; and (3) that the amount of physiological variation 
within species is smaller given the observed covariation among structural traits than if structural 
traits varied independently of one another. For aims one and two, we evaluate the trait and 
performance data collected from natural populations. For aim three, we use a simulation 
approach to explore how the covariance structure among structural traits predicted from the 
observed data from a single population can give rise to observed variance in species 
performance. 
 
 
Materials and Methods 
 
Study Site and Species 
 
We investigated multivariate trait-performance relationships for five Protea species sampled 
across three sites in the Cape Floristic Region, South Africa. The Cape Floristic Region (CFR) is 
the smallest of the world’s six floral kingdoms (area ~90,000 km2), but it hosts over 9,000 plant 
species (Linder, 2003; 2005) making it the most diverse of the five Mediterranean regions 
(Cowling et al., 1996). Like other Mediterranean biomes, the CFR is characterized by warm, dry 
summers and cool, wet winters (Cowling, 1996), but there is also a west-east seasonality gradient 
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in the region associated with winter rainfall in the west and relatively constant, low rainfall in the 
east. Protea species primarily occur in fynbos habitat, which is characterized as a shrubland with 
nutrient-poor soils (Allsopp et al., 2014) and natural, recurring fires that sweep through sites on 
average every 10-12 years (Van Wilgen et al., 2010). 
 The genus Protea L. (Proteaceae) represents a diverse (~112 species in Africa, with 
~60% endemic to the Cape Floristic Region; Schnitzler et al., 2011), iconic, and locally abundant 
plant genus that typifies many fynbos communities. Protea exhibit a diversity of form and 
function with respect to growth form (e.g. low growing, prostrate shrubs to upright shrubby 
trees), response to fire (e.g. reseeding species that die with fire but release all of their seeds 
during the fire event from persistent infructescences versus resprouting species that regrow after 
fire in addition to releasing seeds), and vegetative traits associated with carbon and water use 
strategies (e.g. leaf size and shape variation). Previous studies on Protea have demonstrated that 
variation in structural traits (e.g. leaf mass per area and wood density) and physiological traits 
(e.g. photosynthetic rates and stem hydraulic conductance) are associated with fitness differences 
(Carlson et al., 2011; 2016; Prunier et al., 2012; Nolting et al., 2020) and associated with 
environmental differences such as precipitation and temperature gradients across the CFR 
(Carlson et al., 2011; Mitchell et al., 2015). Together these results suggest that the traits studied 
here are indicative of adaptive differentiation, at least at large geographic scales.  
 The role of trait variation observed within and among locally co-occurring Protea species 
is less well understood. Nolting et al. (2020) collected a suite of structural and physiological 
traits (see Trait Collection for a summary, below) and noted that (a) structural traits exhibited 
more differences among species than physiological traits, (b) multivariate combinations of 
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structural traits were strongly associated with physiological performance, and (c) both structural 
and physiological performance were associated with plant size and reproductive effort.  
 
Trait Collection for Empirical Study 
 
We use the structural trait and physiological performance data collected for Nolting et al. (2020) 
in this study. Nolting et al. (2020) sampled populations of five Protea species that are relatively 
widespread and locally abundant where they occur. The samples occur at three climatically 
different sites and include 11-20 individuals of each of three species per site (9 populations, 151 
individuals). On each individual plant sampled, they recorded measures of plant size (e.g. height 
and canopy area) and reproductive effort measured as the total number of inflorescences and 
infructescences retained on a plant. As Protea species are fire-adapted, adults (a) are all roughly 
the same age within a stand as they either recruit as seedlings together post-fire or regrow from 
persistent stems and (b) all retain their infructescences until these ‘seedheads’ split and release 
seeds during a fire. These characteristics make it possible to record reproductive effort for 
individuals (e.g. inflorescences plus infructescences) which has been shown to covary with seed 
production (Carlson and Holsinger, 2013), representing a proxy for fitness (Nolting et al., 2020). 
On each individual, Nolting et al. (2020) also measured area-based, light-saturated 
photosynthetic rates (Aarea), stomatal conductance (gs), and instantaneous water-use efficiency 
(WUE, photosynthetic rate divided by transpiration) in the field. They collected branches to 
measure stem hydraulic conductance (Ks) following Espino and Schenk (2011), and quantified 
the Huber value of each stem (the sapwood cross-sectional area of a stem relative to the total 
one-sided leaf area per area, Menuccini and Bonosi, 2001) on which hydraulic measures were 
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recorded to use to calculate leaf specific conductivity (LSC, sapwood-specific conductivity 
divided by total leaf area of the stem, Tyree and Zimmerman, 2002) and leaf specific 
photosynthetic rates (LSP, light-saturated photosynthetic rate per area divided by Huber value). 
From the stems and leaves on which physiological traits were measured, Nolting et al. (2020) 
measured a suite of structural traits (e.g. traits related to organ morphology and allocation). They 
quantified leaf area (LA, cm2), leaf mass per area (LMA, g cm-2), lamina density (LD, g cm-3), 
leaf length width ratio (LWR, unitless), stomatal pore length (SL, mm), stomatal pore density 
(SD, mm-2), stomatal pore index (SPI, unitless), bark thickness (BT, mm), and wood density 
(WD, g cm-3). 
These structural and physiological traits were chosen for study based on the large 
literature in plant functional ecology suggesting that they are key indices of carbon uptake and 
allocation and water-use strategies (see Nolting et al. 2020 for further discussion of functional 
significance of each trait, and of trait complexes). Importantly, Nolting et al. (2020) found that 
almost all structural and physiological traits had associations with plant size and/or reproductive 
effort even when accounting for their association with each other. Here, however, we focus only 
on the relationship between plant structural and physiological traits. 
 
Evaluation of Empirical Data 
 
To illustrate the differences in interpretation between univariate and multivariate models of trait 
associations, we evaluated all pair-wise structural trait and physiological trait relationships across 
individuals using linear mixed-effects models (with species and site as random effects) using the 
rstanarm package (Stan Development Team, 2018) in R (version 3.6.1). We compare the output 
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from these 54 univariate models with the output from Nolting et al. (2020) in which they 
estimated all trait-performance relationships simultaneously. We report significant associations 
as those estimates that have 95% credible intervals that do not overlap zero. We estimate a 
Bayesian R2 (Gelman et al., 2017) for each of these 54 models to evaluate model fit. 
We also evaluate species-specific differences in traits in a multivariate framework using a 
principal components analysis in which we include either all structural traits or all physiological 
traits. All 151 datapoints (e.g., all individuals from the nine sampled populations) are included in 
this analysis. While some variation among individuals is due to site effects, the site effect is 
minimal compared to the variance explained by species and individuals (data not shown). We 
further evaluate whether combinations of structural traits lead to similar physiological trait 
values – as predicted based on the observation that multivariate combinations of structural traits 
predict physiological performance in the context of the multivariate path model (Nolting et al., 
2020) – by plotting individuals in the structural PCA space according to binned values of their 
physiological performance. Physiological performance measurements are binned according to 
quintiles across all observations. All analyses were performed in R (version 3.6.1). 
 
Simulated Covariance Models – Using Observed Covariance from a Single Population 
 
To explore the effects of trait covariance among structural traits on physiological performance 
we simulated physiological traits according to a model which used the observed mean and 
covariance structure in our traits and compared the results to a model that used the observed 
mean and variances while assuming independent associations among structural traits. For our 
purposes here, we focus on a single site-species combination and ignore additional covariance 
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complications introduced by random site and species effects. To choose a site-species 
combination (e.g. a single population from our set of nine populations) for exploration we first 
identified populations that had the largest number of plants sampled to maximize statistical 
resolution in the dataset on which the simulated models will be based. We then fit a linear 
regression for each of the physiological traits in each of the populations using all structural traits 
as covariates. We chose the population that had, on average, the best model fits (highest 
Bayesian R2 value; Gelman et al., 2017) across all physiological traits. The linear regression 
models were fit using the rstanarm package (Stan Development Team, 2018). 
To evaluate the effect of covariance structure, we then compared simulated models under 
two different conditions: one in which structural traits covary according to the covariance matrix 
observed in the empirical data (the ‘Covariance Assumption’) and one in which structural traits 
are allowed to vary independently of one another (the ‘Independence Assumption’). After 
identifying the population of focus, we used the full posterior for each regression coefficient of 
physiological performance on the structural traits (i.e., the nine regression coefficients) for a total 
of six regression models (representing the six physiological traits measured). We used the 
observed variance-covariance matrix across the structural traits for this population.   
To simulate variance in each physiological trait under the Covariance Assumption we 
completed the following steps: (1) Sample a structural trait vector from a multinormal 
distribution with mean and covariance estimated from the data. (2) Predict physiological 
performance using regression coefficients drawn from the posterior of the appropriate regression 
model. (3) Calculate the variance of the physiological trait by repeating steps #1 and #2 for the 
same number of times as there are individuals in the population from which estimates were 
made. We repeated steps #1-#3 for each sample from the posterior, resulting in 4000 projections 
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of the physiological variance. To simulate the predicted variance under the Independence 
Assumption, we followed the same steps as above but set all of the covariances among the 
structural traits to zero prior to sampling from the multinormal distribution. 
 
 
Results 
 
Trait Combinations Predict Species Differences in Structural but not Physiological Traits 
 
Of the 54 physiological-structural trait associations evaluated in a univariate framework, we 
report 29 significant associations (i.e. the 95% credible intervals do not overlap zero) and an 
average model fit of approximately 0.27 (Bayesian R2: 0.19 to 0.47). In contrast, Nolting et al. 
(2020) report just four structural trait-physiological trait relationships that are strongly supported, 
but much stronger multivariate model fit (mean Bayesian R2: 0.44, range: 0.32-0.64) using the 
same data (subsetted here to exclude the plant size and fitness data) and model structure. It is 
striking that the multivariate approach detected far fewer structural trait-physiological trait 
associations, than when each structural-physiological trait pair was evaluated independently in 
the univariate framework. A closer investigation of the correlation among the traits structural and 
physiological traits included in the models, however, helps us better understand this outcome 
(Figure 1). Unsurprisingly, many of the structural traits are themselves highly correlated, making 
it difficult to assign weight to one covariate relative to another with confidence (Nolting et al., 
2020). Given the strong collinearity among structural traits, it is more appropriate to focus on 
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multivariate associations, because attempts to assign causality to covariates in the univariate 
models could be misleading.  
  As in Nolting et al. (2020) we observe that species differ clearly in structural traits while 
there is substantial overlap of species with respect to their physiological traits (summarized in 
Table 1). We illustrate these differences in multivariate space with a principal components 
analysis. Our principal components analyses use all individual plant observations for all nine 
structural traits and for all six physiological traits. For the structural trait PCA, the first two 
principal components explain 75.1% of the variation (Table 2: PC1 = 56.2%, PC2 = 18.9%). For 
the physiological trait PCA, the first two principal components explain 62.8% of the variation 
(Table 2: PC1 = 38.7%, PC2 = 24.1%). We clearly see that species differ substantially in 
structural traits in a multivariate framework (Figure 2a). Individual observations from different 
species are largely separate, and confidence ellipses around species means are non-overlapping. 
In physiological traits, on the other hand, species are indistinguishable (Figure 2b). Individual 
observations from different species are intermixed, and confidence ellipses are broadly 
overlapping.  
 
Combinations of Structural Traits Lead to Similar Performance 
 
These results show clear species differences in structural traits and similarity in physiological 
performance due to the broader distribution of these traits and overlapping ranges across species, 
but they do not illustrate how different structural traits combine to achieve similar performance 
values. In Figure 3 we place individuals in the structural trait PCA space (Figure 2a) and color 
each point (i.e., each individual plant sampled) according to its physiological performance 
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relative to other individuals in the sample (Figure 3), binning the physiological performance data 
by quintiles. For example, in the first panel of Figure 3 the position of each sampled individual is 
determined by its position in the structural trait PCA, but the coloring of each individual is based 
on the quintile of hydraulic conductance into which it falls. Confidence ellipses in this figure 
correspond to those in Figure 2a. Examination of Figure 3 illustrates immediately that 
individuals with different combinations of structural traits (different positions in PCA space) can 
have similar performance (the same color) and that there are many different combinations of 
traits that can lead to performance in the highest (or lowest) quintile. Returning to the example of 
hydraulic conductance, we see that all species (other than P. nitida) have individuals with 
hydraulic conductance in the highest quintile (high) and that all five of the species have 
individuals with hydraulic conductance in the lowest quintile (low). The same pattern is repeated 
across all six performance traits we studied. Note also that structural trait differences combined 
with performance similarity are seen within as well as among species. 
 
Trait Covariance Structure Predicts Observed Variation in Performance 
 
To determine whether covariance among our measured structural traits can account for limited 
physiological differences in spite of large structural differences, we used a simulation approach 
to generate predicted variation in performance under two models: a model that takes into account 
the covariance in structural traits and one that assumes the structural traits are independent of 
each other. To minimize the confounding effects of additional variance attributed to species and 
site differences, we focused on simulating the variance in performance for a single population. 
Both models use the regression relationships estimated between structural traits and 
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physiological performance for the 20 sampled individuals in the population. They differ in how 
they use the observed mean and covariance structure for structural traits. The ‘Covariance 
Assumption’ model uses the observed mean and covariance structure to generate a simulated 
sample of individuals with mean and covariance structure close to what we observed. The 
‘Independence Assumption’ model uses the same observed mean and covariance structure, 
setting all off-diagonal elements of the covariance matrix to zero, to generate a simulated sample 
of individuals with the same mean and variances as we observed but with trait values varying 
independently of one another. We focus on the P. punctata population from Jonaskop as it was 
one of the populations with the largest number of individuals sampled (n = 20 individuals) and 
on average had the best model fits (Bayesian R2 ranging from 0.45 to 0.60). As shown in Figure 
4, the ‘Covariance Assumption’ consistently leads to much smaller variance in performance than 
the ‘Independence Assumption’ (Figure 4) and a variance that is much closer to the observed 
variances in these traits (Table 3). The variance observed in our data is slightly less than the 
variance predicted under the ‘Covariance Assumption’ (i.e., the posterior mean of the 
distribution) because the simulated data includes trait variation among samples in addition to 
uncertainty about the regression relationships.  
 
 
Discussion 
 
In this study we illustrate that even though Protea species differ substantially in leaf and wood 
structural traits, the multivariate covariance structure among these traits leads to broad overlap in 
individual plant performance. In addition, we show that as a result of this strong covariance, 
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individual plants that differ substantially in structural traits may have similar performance both 
within and across species. These results may help to explain the non-intuitive result from Nolting 
et al. (2020) that trait-performance relationships predicted from biophysical models and global 
patterns of trait covariation are not detected within populations, even though these traits are 
associated with an important component of plant fitness. 
 
Do we Predict Trait Dissimilarity or Trait Similarity within Communities?  
 
There appears to be a contradiction between expectations from functional ecology that co-
occurring species should have similar phenotypes and expectations from community ecology that 
species should exhibit trait differences representing differentiation along at least one niche axis. 
Specifically, species that co-occur may experience broadly similar environmental conditions 
(albeit ignoring the role of microhabitat heterogeneity, which could be substantial). Thus, they 
should share traits that allow them to survive and possibly even to maximize performance in that 
environment (Keddy, 1992). This kind of environmental filtering may explain the oft-observed 
association between community-weighted mean trait values and environments (Ackerly and 
Cornwell, 2007) and evidence of phylogenetic underdispersion in studies evaluating the relative 
phylogenetic diversity in local community assemblages (Webb, 2000;Webb et al., 2002; 
Mayfield and Levine, 2010). At the same time, species are expected to coexist long-term only if 
they differ in at least some traits that minimize the negative effects of interspecific competition 
(Chesson, 2000; HilleRisLambers et al. 2012). Not surprisingly, there is also substantial evidence 
of local trait differences within communities that may promote coexistence (Cavender-Bares et 
al., 2004a; 2004b; Kraft and Ackerly, 2008; Swenson and Enquist, 2009). These results lead us 
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to the following question: Which traits are similar as a result of environmental filtering and 
which are different as a result of niche differentiation? 
 Our results show that co-occurring Protea species in the CFR show substantial trait 
differences with respect to leaf and wood structural traits (Figure 2a), but that they are largely 
overlapping in performance traits associated with carbon and water-use strategies (Figure 2b). 
This result is not entirely new. HilleRisLambers et al. (2012) pointed out the possibility in a 
recent review of theoretical coexistence theory, and Umaña et al. (2016) showed a similar pattern 
in their study of plant vegetative and physiological traits. The novelty of our study is that we 
demonstrate that the pattern arises because structural traits covary in a way that minimizes 
differences among species with respect to traits related to performance. 
  
Implications for Scaling of Functional Patterns of Trait Covariation 
  
Models that explain the functional variance in plant traits related to resource uptake and 
allocation and water-use strategies (Leaf Economics Spectrum: Wright et al., 2004; Wood 
Economics Spectrum: Chave et al. 2009) are built on the assumption that fundamental 
biophysical trade-offs and constraints limit the trait space species can occupy (e.g., Shipley et al., 
2006). Consistent with these models, trait data collected across global scales reveal negative 
correlations among these traits (e.g., the negative association between leaf mass per area and leaf 
longevity; Wright et al., 2004). Nonetheless, plant trait data measured at smaller spatial and 
taxonomic scales often reveals that global patterns are weak, absent, or inconsistent (Funk and 
Cornwell, 2013; Anderegg et al., 2018). This apparent contradiction might lead us to question 
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whether trade-offs are present at smaller scales and whether small-scale trait relationships can 
simply be extrapolated to account for global patterns in pairwise trait associations. 
Our results demonstrate that trait covariation does exist and it is important for predicting 
plant performance (Figures 3 & 4; Nolting et al., 2020), but they also suggest that the ecological 
and evolutionary processes acting at smaller spatial scales to produce these associations differ 
from those that are important at larger spatial scales. Specifically, at a local scale we expect 
species in similar guilds to be adapted to a relatively similar environment, leading natural 
selection to favor individuals close to a local phenotypic optimum (Fisher, 1930). Similarly, 
ecological interactions might predict convergence in performance for coexisting species (Marks 
and Lechowicz, 2006; Adler et al., 2007; HilleRisLambers et al., 2012), acting to minimize 
fitness inequalities that would otherwise lead to competitive exclusion (Hubbell, 2001). At large 
spatial and phylogenetic scales these processes will be less important than those related to 
differential extinction, differential colonization and establishment, and other processes relevant 
at much larger scales (e.g., climatic variability and differences in large-scale environmental 
tolerances). 
  
Implications for Understanding Trait-Related Roles of Species Coexistence 
  
Trade-offs in performance along niche axes can promote coexistence of competing species 
(Tilman, 1990; Clark et al. 2007; Adler et al. 2018), and we expect to identify trade-offs among 
traits that correspond to these functional axes. Indeed, we observe substantial phenotypic 
differences among species in hyper-diverse natural communities like the CFR (Niinemets, 2001; 
Westoby et al., 2002; Maherali et al., 2004; Wright et al., 2004; Aiello-Lammens et al., 2017). 
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Nonetheless, there is little evidence to support the idea that these differences reduce interspecific 
competition (Adler et al., 2013; Nolting et al., in prep, see Chapter 3).  
Marks and Lechowicz (2006) present an intuitive solution to this problem: Traits may 
covary in many different ways to achieve similar performance (i.e., “alternative designs”), 
allowing species to have many different traits and to persist in a shared environment. Indeed, 
given the number of traits that may covary and influence performance, the trait space where 
performance is equivalent may be extremely large (Marks and Lechowicz, 2006; Laughlin, 2014; 
Laughlin and Messier, 2015). 
  We know some trait combinations cannot be built or sustained (hence we do not see an 
abundance of ‘Darwinian Demons’ or Tilman ‘Superspecies’), but by considering multivariate 
patterns of trait covariation rather than focusing on dichotomous trade-offs we also extend our 
understanding of why trait differences persist in local plant communities. Specifically, 
differences in certain traits act to promote coexistence through niche differentiation while 
minimizing performance differences (Adler et al., 2007). While the Marks and Lechowicz (2006) 
insight is largely based on ideas similar to Wright's adaptive landscape (Wright, 1932), 
community ecologists have largely ignored its value until only recently (but see Ackerly et al., 
2000; Clark et al., 2007; Marks and Lechowicz, 2006; Laughlin and Messier, 2015). It remains 
even less explored in empirical studies (but see Worthy et al., 2020). 
 
 
Conclusions 
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When Hutchinson presented his seminal paper - “An Homage to Santa Rosalia” – he noted that 
there seem to be more species on the planet than niches to hold them (1954). Since then an 
important focus for community ecology has been trying to understand how niche differentiation 
among co-occurring species contributes to long-term coexistence and how it influences the 
number of species in natural systems (Lack, 1947; MacArthur and Levins, 1967; Brown, 1975; 
Bowers and Brown; 1982; Keddy, 1992; Weiher et al., 1988; McGill et al., 2006). As we work to 
link trait variation to niche axes, and thus use traits to understand species coexistence, it may be 
implausible to expect that individual traits or even pairs of traits will be sufficient in explaining 
diversity in species-rich communities. Rather, it is likely that we must consider how multivariate 
trait covariation leads to similar performance optima among species with different traits and trait 
combinations. 
In this study we illustrate that multivariate covariance among several leaf and wood 
structural traits (that themselves are associated with aspects of plant fitness, Nolting et al., 2020) 
leads to broad and overlapping ranges in species performance. Further, we show that different 
combinations of structural traits can lead to similar physiological performance both within and 
across species, and that the covariance among these strucutral traits is important in predicting the 
variation in physiological traits. The individuals included in our study were drawn from 
widespread species that commonly co-occur throughout the CFR. Further, the genus Protea is 
relatively young (< 14M years; Valente et al., 2010). Thus, we demonstrate convergence on 
physiological performance using different trait combinations does not require long evolutionary 
histories. 
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Table 1. The proportion of within species variance estimated for each structural trait, 
physiological trait, and size trait. Presented are the mean of the posterior, along with the 95% 
credible intervals. Summarized from Nolting et al. (2020). The structural traits are: bark 
thickness (mm), wood density (g cm-3), leaf area (cm2), leaf mass per area (LMA, g cm-2), lamina 
density, leaf leangth-width ratio (LWR, unitless), stomatal pore length (Stom. Length, mm), 
stomatal pore density (Stom. Density, mm-2), and stomatal pore index (SPI, unitless). The 
physiological traits are: stem hydraulic conductance (Ks), leaf specific conductivity (LSC), area-
based, light-saturated photosynthetic rate (Aarea), leaf specific photosynthetic rate (LSP), stomatal 
conductance (Stom. Cond.), and instantaneous water-use efficiency (WUE). 
	
Trait	Type	 Trait	
Within	Species	
Variance	
Credible	
Interval	
Structural	
Bark	Thickness	 9.7%	 (7.4-12.8%)	
Wood	Density	 44.6%	 (35.0-56.3%)	
Leaf	Area	 4.4%	 (3.5-5.8%)	
LMA	 11.8%	 (9.1-15.2%)	
Lamina	Density	 38.8%	 (31.4-47.8%)	
LWR	 14.2%	 (11.3-17.9%)	
Stom.	Length	 12.6%	 (9.9-16.0%)	
Stom.	Density	 19.6%	 (15.2-25.2%)	
SPI	 39.0%	 (30.2-50.0%)	
Physiological	
Ks	 81.3%	 (61.7-97.7%)	
LSC	 78.2%	 (60.3-93.5%)	
Aarea	 86.6%	 (66.8-99.4%)	
LSP	 90.5%	 (78.3-99.2%)	
Stom.	Cond.	 89.9%	 (79.6-97.7%)	
WUE	 89.7%	 (77.0-98.3%)	
Size	 Height	 18.5%	 (13.7-24.8%)	
Canopy	Area	 19.3%	 (14.1-26.5%)	
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Table 2. Summary from the principal components analysis for structural traits and for 
physiological traits, across all sampled individuals. Trait abbreviations are as in Table 1. 
	
Structural	Traits	
Loadings	 PC1	 PC2	 PC3	
Bark	Thickness	 0.217	 0.629	 -0.140	
Wood	Density	 -0.328	 0.005	 0.083	
Leaf	Area	 0.377	 0.085	 -0.274	
LMA	 -0.077	 0.702	 -0.052	
Lamina	Density	 -0.337	 0.126	 -0.557	
LWR	 -0.395	 -0.063	 -0.201	
Stom.	Length	 -0.424	 0.084	 0.127	
Stom.	Density	 0.389	 0.064	 0.358	
SPI	 -0.310	 0.271	 0.633	
%	Var.	Explained	
(Cumulative)	
56.2%	 75.1%	 83.1%	
Physiological	Traits	
Loadings	 PC1	 PC2	 PC3	
Ks	 -0.357	 0.597	 -0.051	
LSC	 -0.428	 0.504	 -0.308	
Aarea	 0.301	 0.474	 0.371	
LSP	 0.406	 0.333	 0.491	
Stom.	Cond.	 0.499	 0.195	 -0.409	
WUE	 -0.430	 -0.124	 0.597	
%	Var.	Explained	
(Cumulative)	
38.7%	 62.8%	 81.2%	
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Table 3. Comparison of the predicted variance for the two models (mean of the posterior, and 
the 95% Credible Intervals), in addition to the observed variance in each performance trait, as 
calculated from the 20 individuals sampled from the P. punctata population at Jonaskop (n = 20). 
Trait abbreviations are as in Table 1. 
	
	 Performance	Trait	
	 Ks	 LSC	 Aarea	 LSP	
Stom.	
Cond.	 WUE	
Independence	 0.709		
(0.084,	
2.169)	
0.433	
(0.050,	
1.314)	
4.956	
(0.385,	
15.89)	
5.287	
(0.512,	
16.32)	
1.261	
(0.122,	
3.989)	
17.83	
(1.768,	
56.21)	
Covariance	 0.079	
(0.042,	
0.117)	
0.043	
(0.023,	
0.064)	
0.379	
(0.200,	
0.582)	
0.443	
(0.237,	
0.657)	
0.112	
(0.059,	
0.170)	
1.864	
(0.991,	
2.742)	
Observed	 0.027	 0.015	 0.136	 0.161	 0.039	 0.687	
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Figure 1. Correlation structure among all structural traits and physiological traits measured on 
all individuals from Nolting et al. (2020). Reported are the Pearson correlation coefficients. Trait 
abbreviations are as in Table 1.	
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Figure 2. Principal components analysis of (A) structural traits and (B) physiological traits. 
Species are represented by different colors. Ellipses reflect the 95% confidence limits 
surrounding the all bivariate associations for each species. Species codes: PREX (P. eximia), 
PRLA (P. laurifolia), PRNI (P. nitida), PRPU (P. punctata), and PRRE (P. repens) 
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Figure 3. Each panel is a PCA based on the structural traits only (as in Figure 2a). The ellipses 
reflect the species ellipses drawn in Figure 2. The color of the points is based on the value of the 
physiological trait, binned by quintile (each panel is a different physiological trait). Trait 
abbreviations are as in Table 1. 
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Figure 4. Comparison of the posterior distributions of the predicted variance given the observed 
structural trait covariance (‘Covariance Assumption’) and the posterior distribution of the 
predicted variance that sets all off-diagonals in the variance-covariance matrix equal to zero 
(‘Independence Assumption’).  
Stomatal	Conductance	 Leaf	Specific	Conductivity	 Hydraulic	Conductance	
Photosynthetic	Rate	 Leaf	Specific	Photosynthesis	 Water-Use	Efficiency	
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Chapter 3 
 
Individual-level trait differences mediate density effects among co-occurring shrubs and may 
promote coexistence in a ‘biodiversity hotspot’ 
 
Introduction 
 
Understanding what processes influence the species composition of local assemblages remains a 
central question in community ecology. Except in the rare case when a species evolved at the site 
being studied, species within a local assemblage must disperse from a larger species pool 
(Ricklefs, 1987; Laliberté et al., 2014). In the absence of continuing dispersal, interactions with 
the abiotic environment and with other members of the assemblage then determine whether a 
species persists (e.g., Grinnell, 1917; Stachowicz, 2001; MacArthur and Levins, 1967) unless it 
is lost through ecological drift (Vellend, 2010). Much research in community ecology has 
focused on identifying mechanisms that allow long-term coexistence (Chesson, 2000), and a core 
tenet of this research is that long-term coexistence requires some degree of niche differentiation 
(Gause, 1934; Tansley, 1917; MacArthur and Levins, 1967; reviewed in Chase and Leibold, 
2001) in the absence of other stabilizing effects (Chesson, 2000). In spite of a long history of 
research on how niche differences mediate competition (e.g., Johansson and Keddy, 1991; Burns 
and Strauss, 2011), niche differences themselves are very difficult to quantify. Rather than 
measuring them directly, ecologists have often measured ecologically important morphological 
and behavioral traits as proxies for a species niche (Ackerly et al., 2000; McGill et al. 2006; 
Violle et al., 2007). 
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Individual traits are often related to individual performance, and they are the primary 
functional link between an organism and its environment (Ackerly et al., 2000; Violle et al. 
2007; Nolting et al., 2020). The distribution of traits within a community reflects both constraints 
associated with environmental demands (i.e. certain traits and trait values are optimal given the 
local environment) and differences associated with species interactions (i.e. trait differences 
associated with niche differences). Consistent with environmental constraints, we often find 
broad overlap in traits among many species local communities (Cornwall and Ackerly 2009; 
Nolting et al., 2020). In contrast, few studies have detected trait distributions within local 
communities consistent with resource partitioning (Kraft et al. 2008; Swenson et al. 2009). The 
paucity of evidence for resource partitioning raises two important questions: (1) Are we 
measuring traits that are only weakly related to performance, unimportant in mediating 
competition, or both? (2) Are trait-mediated interactions among species weaker than the effects 
of other processes that influence community composition like dispersal (Holyoak et al. 2005) and 
ecological drift (Bell 2000; Hubbell 2001)? 
In this study we evaluated trait-mediated effects on competitive interactions among co-
occurring Proteaceae species in the Cape Floristic Region, South Africa by associating the size 
and fecundity of individual plants to trait differences among neighbors. Specifically, we 
investigated interactions among individuals of species that co-occur in fynbos habitat, which is a 
fire-prone ecosystem. Each recurrence of a fire, which happens every approximately 10-12 years 
on average (Van Wilgen et al., 2010), "resets" the community of species that regenerate from 
seeds. All adults of these reseeding species are typically killed by fire, meaning that individuals 
in reseeder communities are roughly the same age (Figure 1). By studying adult stands of 
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reseeders we capture a snapshot reflecting recruitment, establishment, and growth relative to the 
species identity and densities of adult neighbors. 
Our study includes both naturally occurring stands consisting of a single species 
(monospcecific stands) and naturally occurring stands that consist of two or more species 
(heterospecific stands). By including both types of stands we ensure that the trait data collected 
represent a wide range of trait dissimilarities. This range in dissimilarities provides more power 
to detect an effect of trait differences on competitive outcomes, if they exist. By including both 
types of stands we are also able to compare neighbor effects in monospecific versus 
heterospecific stands, and to explore whether intraspecific effects are greater than interspecific 
effects as would be expected if the distributions of co-occurring species in our study are the 
result of long-term coexistence (reviewed in Chesson 2000). 
We take advantage of the natural experiment provided by these monospecific and 
heterospecific stands in fynbos communities to investigate several complementary phenomena. 
First, we determine whether the traits measured in this study are associated with plant 
performance as found with other Protea species (Nolting et al., 2020). Second, we determine the 
degree to which the performance of focal individuals is affected by the density of neighbors. 
Third, we determine the degree to which the performance of focal individuals is affected by the 
degree to which individuals differ from their neighbors in commonly measured traits. Finally, 
we investigate whether there are differences in performance between monospecific and 
heterospecific stands. Specifically, we ask whether the magnitudes and signs of trait effects, 
density effects, and trait dissimilarity effects are the same or different in monospecific and 
heterospecific stands.  
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Materials and Methods 
 
Study Species and Site 
 
We investigated the extent to which trait differences mediate density effects in natural plant 
communities in the Western Cape, South Africa. Specifically, we focused on fynbos 
communities that are dominated by species in the Proteaceae, a prominent and diverse plant 
family in the southern hemisphere and that has Gondwanan origins (Rebelo, 2001). The 
approximately 360 Proteaceae species endemic to the Cape Floral Kingdom in southwestern 
South Africa are largely confined to the nutrient poor soils characteristic of the fire-dominated 
fynbos habitat in the region (Rebelo, 2001). In fact, species in the Proteaceae, along with species 
in Restionaceae and Ericaceae, are defining members for fynbos habitat, and often represent the 
majority of the biomass in these communities (Linder, 2005), with fynbos communities 
described as largely “Proteoid,” “Ericaceous,” or “Restioid” (Manning, 2007). Within Proteoid 
fynbos, it is common to find over a dozen Proteaceae species occurring within the same local 
community (Rebelo, 2006). While it has been hypothesized that leaf trait differentiation among 
co-occurring Proteoid species maintains coexistence in these diverse communities (Cody, 1986), 
there remains little empirical evidence demonstrating that this trait variation mitigates 
interspecies competition (e.g., Potts et al., 2011). 
 Within the Proteaceae, Protea and Leucadendron are two of the most diverse and 
abundant genera within the Cape Floristic Region (CFR), with approximately ~70 Protea species 
and ~90 Leucadendron species largely restricted to the region. While both of these genera 
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represent a broad range in plant growth forms (e.g., prostrate shrubs to upright shrubby trees) and 
fire strategies (e.g., reseeding after fire versus resprouting after fire), they differ in that Protea 
species are hermaphroditic and their large, showy inflorescences visited by a variety of animal 
pollinators whereas Leucadendron species are dioecious and largely wind pollinated (Rebelo, 
2001). Within a functional morphotype (e.g. shrubby, upright trees), however, it is likely that co-
occurring Protea and Leucadendron species are adapted to similar abiotic conditions and thus 
also compete for similar, shared resources and space. 
 We sampled four monospecific and three heterospecific stands of the following species: 
Protea humiflora, P. repens, P. laurifolia, and Leucadendron laureolum. All of the populations 
we sampled occur in relatively close proximity to one another at a site called Jonaskop, located 
in the central part of the Western Cape Province in the Riviersonderend Mountain Range. 
Jonaskop experiences relatively hot and dry summers and cool winters with rainfall largely 
restricted to winter months (May – August) typical of other Mediterranean climates. The sites 
sampled at Jonaskop occur across an elevation gradient (Table 1) which does introduce some 
variation with respect to average temperatures and temperature extremes, but all species 
occurring at this site are presumably adapted to hot and arid conditions. 
 
Data Collection – Field Surveys 
 
To conduct our field surveys we first identified populations of Protea and Leucadendron species 
that consisted of stands in which there were focal plant species that were mostly surrounded by 
conspecifics (i.e. monospecific stands) or stands in which focal individuals were largely 
surrounded by non-conspecific neighbors (i.e. heterospecific stands). Due to the fire-dependent 
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nature of our study species, heterospecific stands mostly represented one focal species 
surrounded by neighbors of a second species. In some heterospecific neighborhoods, a small 
fraction of the neighbors were conspecific (Table 1). These individual neighbors represented a 
small percentage of all neighbors in a neighborhood. In some heterospecific neighborhoods, 
there was a third Protea species present (Table 1). 
 Within each stand (either monospecific or heterospecific, as described above), we 
identified between 9-20 local neighborhoods that consisted of a focal plant surrounded by 
neighbor plants (Figure 2). We defined our neighborhoods as a 2-meter radius around the basal 
stem of our focal plant, which has been shown to be the area in which density effects are most 
pronounced for other shrubby Protea and Leucadendron species in this region (Nottebrock et al., 
2017). We also sampled neighborhoods in which individual plants were all roughly the same age, 
meaning the individuals recruited together post-fire. We haphazardly sampled neighborhoods 
that met the above criteria and sampled throughout the extent of the entire population to 
encompass spatial variation across the stand. 
 In each neighborhood, we collected the following data: First, we measured the age of the 
focal plant by counting the number of internodes from the base of the plant to its most recent 
branching event which has been shown to be a good estimate of plant age in reseeding 
Proteaceae as they put out one new branch per year (Carlson et al., 2011). Second, we counted 
the total number of inflorescences and infructescences on the focal plant. Due to their fire-
adapted nature, plants start producing inflorescences as soon as they reach reproductive maturity. 
At the end of the flowering period, an infructescence develops and the plant retains all 
infructescences until a fire event triggers the release of seeds. As such, counting inflorescences 
and infructescences (hereafter we refer to these structures collectively as seedheads) gives a good 
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approximation of reproductive effort and has been shown to be a good proxy for total seed set for 
Proteaceae species (Carlson and Holsinger, 2013).  
We also measured the distance from the focal plant to each of its neighbors in the 2-meter 
neighborhood radius (measuring the distance from plant basal stems and distance between 
canopies) and the maximum height and canopy area for all plants in the neighborhood. Canopy 
area was calculated as an ellipse, using the distance of the longest principal axis and the 
perpendicular axis to define the ellipse. We calculated approximate volume of each individual 
neighbor to be used in our size-weighted density models. Individual volume was calculated as 
the volume of a cylinder, using plant height and the ellipse of the canopy as the three 
perpendicular axes. We also recorded the sex of L. laureolum neighbors, as this species is 
dioecious and there is some degree of sexual dimorphism in plant size and vegetative 
morphology (aside from floral differences) in many Leucadendron species. Lastly, we collected 
a single branch from each plant for further trait measurements and analysis (see Data Collection 
– Trait Measurements).  
 
Data Collection – Trait Measurements 
 
We collected a single branch – reflecting the previous year’s growth to standardize potential 
developmental differences – from the outer canopy of each individual in each sampled 
neighborhood. From this branch we collected a series of traits from a single leaf from the branch. 
The branches collected in the field were submerged in buckets of water and kept submerged until 
the fresh trait data could be recorded (within 12 hours). We selected a single, fully expanded sun 
leaf from the branch and measured its fresh mass (lamina plus petiole) using a portable analytical 
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balance. We used a digital micrometer (Mitutoyu IP65) to measure the thickness of the fresh 
leaves by taking three measurements per leaf, avoiding major veins, and averaging these three 
values for a leaf-level measurement. We scanned the fresh leaves using a portable scanner 
(CanoScan LiDE 300) and later calculated total leaf area (lamina plus petiole) using the software 
ImageJ (Schneider et al., 2012). We also used these scans and ImageJ to measure the length and 
with width of the leaves (excluding the petiole) to calculate leaf Length-Width Ratio (LWR). 
After all of the fresh trait measurements were completed we dried the leaves at 60°C for at least 
three days in a drying oven before measuring dry mass using an analytical balance. 
 We used total leaf area from our fresh leaf scans as a measure of leaf area (LA, cm2). We 
calculated leaf Length-Width ratio (LWR, unitless) as the longest length of the lamina divided by 
the widest width of the lamina. We calculate leaf mass per area as the dry mass of the leaf 
divided by the fresh area of the leaf (LMA, g cm-2) and lamina density (LD, g cm-3) was 
calculated as LMA divided by the average lamina thickness following Kitajima and Poorter 
(2010). Lastly, we calculated non-saturated leaf dry matter content (LDMC, unitless) as the ratio 
of leaf dry mass to leaf fresh mass (Garnier et al., 2001). While these traits are themselves 
correlated, we include them in our analysis as they reflect different strategies of carbon and water 
uptake and use, and several of these traits have themselves been shown to be associated with 
individual plant fitness on several Protea species in the CFR, despite their covariation with other 
traits and plant physiology (Nolting et al., 2020). 
 
Data Analysis 
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We present here an analysis that evaluates the effect of the densities (i.e., total count and the total 
neighbor area within a 2-meter radius of the focal individual) of neighbors and the effects of 
differences in the five leaf traits between the focal individuals and their neighbors, while 
accounting for species differences in our measure of fitness and the effect of trait values 
themselves on the fitness of the focal individual. 
Each of the 1159 individual observations has the following structure: species name, 
population type (monospecific or heterospecific), observation type (focal or neighbor), a 
neighborhood ID shared by the focal individual and all of its neighbors, the number of seedheads 
(focal individual only), leaf dry matter content, leaf area, leaf mass per area, lamina density, and 
leaf length width ratio. For each neighborhood we summarized neighbor density as (1) the total 
number of neighbors in the 2-meter radius neighborhood (i.e. neighbor count), and (2) the total 
size-weighted volume of neighbors (i.e. neighbor volume) by summing the canopy volumes 
calculated for each neighbor. With this we produced the data set in which each of the 99 focal 
individuals (Table 1) constitute an observation with the following structure: seedhead number (or 
measure of plant fecundity), species identity of the focal individual, population type, the density 
of neighbors in the neighborhood (as either neighbor count or neighbor volume), the value of the 
leaf trait of the focal individual for leaf dry matter content, leaf area, leaf mass per area, lamina 
density, and leaf length width ratio, and lastly the mean absolute difference in trait value between 
the focal individual for leaf dry matter content, leaf area, leaf mass per area, lamina density, and 
leaf length width ratio. To investigate the role of density and trait effects on the fecundity of 
focal plants, we fit the following regression model in R (version 3.6.1) using the rstanarm 
package (Stan Development Team 2016). We evaluated a total of four models such that we 
	 111	
analyzed monospecific and heterospecific neighborhoods separately, and included neighbor 
density effects as either neighbor counts or total neighbor volume. 	 y!~Poisson exp µ!  µ!  =  γ!"#$%#!!  +  αd! +   𝛿!! 𝑥!"     +   𝛽!Δ𝑥!"! 		
where	 γ!"#$%#!! 	is the effect of species i (which accounts for intrinsic differences among species 
in fecundity),	α	is the per-capita effect of neighbors, di is the density of neighbors,	𝛿! 	is the effect 
of trait k on individual fecundity, xik is the value of trait k in individual i,	𝛽! 	is the effect of 
differences in trait k on fecundity, and	Δ𝑥!" 	is the average absolute difference between the value 
of trait k in individual i and its neighbors. We specified a horseshoe prior for all covariates in 
both the heterospecific and monospecific models following Piironen and Vehtari (2017). 
For each of the four models, we ran 4 parallel chains with 1000 warmup iterations and 
2000 sample iterations, providing a posterior sample of 4000. Rhat for all parameters was less 
than 1.001 and no divergent transitions were noted after warmup. Thus, we are confident the 
samples are a faithful representation of their joint posterior distribution. To compare potential 
differences between the monospecific and heterospecific neighborhoods, we implemented 
posterior comparisons for each of the trait, density, and trait difference estimates following 
Holsinger and Wallace (2004). 
 
 
Results 	
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We sampled a total of 1159 individuals across 99 neighborhoods (i.e., 99 neighborhoods 
consisting of a focal individual and all of its Proteaceae neighbors within a two meter radius) 
found in seven different stand types (four monospecific stands and three heterospecific stands; 
Table 1). We sampled between 9 – 20 neighborhoods per stand and neighborhood density ranged 
from 2 – 28 total neighbors within the 2-meter radius (mean = 11 neighbors). The average trait 
values for each species encountered in either monospecific or heterospecifc stands is presented in 
Table 2. Presented are the results from models in which we assumed focal plant fecundity is 
sampled from a Poisson distribution. Often a Poisson distribution can underestimate dispersion 
in count measures, making a Negative Binomial distribution preferable. We also fit the models 
assuming a negative binomial response with a log link. These models give results that are 
substantially similar to those presented here using the Poisson, and a leave-one-out cross-
validation comparison of the models indicates that there is no reason to prefer the more 
complicated model. 
 
Effects of Neighbor Density 
 
We evaluated the effect of neighbor density on the fecundity of focal plants in heterospecific and 
monospecific stands using two measures of density: the total count of neighbors and a size-
weighted measure that estimates the aboveground neighbor area in each neighborhood. In 
general, we expect to see a negative association between neighbor density and focal plant 
fecundity if negative density dependence contribute to persistence of multiple species in the 
community as predicted by coexistence theory (Adler et al., 2018). A positive association, on the 
	 113	
other hand, could reflect either facilitation (Bronstein, 2009) or a local effect associated with 
particularly favorable microenvironments (Peres-Neto et al., 2012).  
 In monospecific neighborhoods we failed to detect an association between density and 
plant fecundity using neighbor count as measure of density, but we detected a positive 
association using neighbor volume as a measure of density (Table 3; Figure 3). In heterospecific 
neighborhoods we identified a positive association between density and plant fecundity in the 
model using neighbor count, but a strong negative association in the model using neighbor 
volume as a measure of density (Table 3; Figure 3). 
 
Trait Associations with Focal Plant Performance 
 
The leaf traits we measured for this study are thought to reflect different strategies associated 
with carbon assimilation and water use strategy, and thus are both directly and indirectly related 
to plant performance (Nolting et al., 2020). As a result, we expect also to find associations 
between these traits and focal plant fecundity in our study. In monospecific neighborhoods, leaf 
dry matter content (LDMC) is negatively associated with plant fecundity and lamina density 
(LD) is positively associated with plant fecundity. All other trait associations with fecundity in 
monospecific neighborhoods are weak and uncertain with the credible intervals of the estimates 
overlapping zero (Table 3; Figure 4).  
In heterospecific neighborhoods we identified additional strongly supported associations. 
In model using neighbor count as a measure of density, leaf length-width ratio (LWR), leaf area, 
and leaf mass per area (LMA) are all negatively associated with plant fecundity, while LDMC 
has a strong positively association with plant fecundity. When we use neighbor volume as a 
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density measure the LWR association is weaker and more uncertain and we do not detect an 
association with leaf area and fecundity.  Similarly the positive association of LDMC with 
fecundity is less well supported than in the model using neighbor count as a measure of density. 
 
Effects of Trait Dissimilarity 
 
Our analysis also allowed us to estimate the effect of trait differences within a neighborhood on 
the fecundity of each focal individual. For each of the five leaf traits we calculated the mean 
absolute trait difference between the focal individual and each of its neighbors. Thus, a positive 
trait effect indicates that higher fecundity of the focal individual is associated with greater 
differences in trait value, as would be expected if trait differences reduce the negative density 
effects of neighbors. A negative trait effect, on the other hand, indicates that higher fecundity is 
associated with smaller differences in trait value, which suggests that there is an optimal trait 
value for that neighborhood.  
 Table 3 and Figure 5 summarize the results from the four models with respect to the 
effects of trait differences on focal plant fecundity. Estimates from the count and area models are 
similar in sign and magnitude. In contrast, trait-difference associations differ between 
monospecific and heterospecific neighborhoods. In monospecific neighborhoods focal 
individuals have higher fecundity with greater differences in LWR and LDMC, and lower 
fecundity if the more they differed with respect to lamina density and LMA. In heterospecific 
stands fecundity has a strong positive association with differences in leaf length-width ratio (as 
in monospecific stands) and leaf area, but a negative association with differences in LDMC (in 
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contrast to monospecific stands). In both cases, support for these associations was greater in the 
count model than in the area model (Table 3). 
 
Comparison of Monospecific and Heterospecific Neighborhoods 
 
As noted above, some associations between our covariates and focal plant fecundity appear to 
differ between monospecific and heterospecific stands. Here we use posterior comparisons 
(Holsinger and Wallace, 2004) to examine these apparent differences more closely. In all cases 
except four (leaf area and lamina density associations with fitness in neighbor volume models, 
and LWR dissimilarity and leaf area dissimilarity associations with fitness in the neighbor 
volume models), the posterior comparisons support the observations described previously in 
differences between monospecific and heterospecific models (Table 3; Figures 6 and 7). 
 
 
Discussion 
 
In this study we took advantage of the unique habitat structure of South African fynbos 
communities to demonstrate that individual plant performance is influenced by (1) the traits 
possessed by the individual, (2) the density of neighbors within a neighborhood, and (3) the 
degree to which focal individuals differ from their neighbors. Our study design included both 
individuals surrounded primarily by members of the same species and those surrounded 
primarily by members of different species. Although we focus on traits and performance in 
adults, the species we study all regenerate from seed following fire, meaning that our 
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observations reflect recruitment, establishment, and growth relative to the species identity and 
densities of adult neighbors.   
 
Individual Performance Influenced by Leaf Traits, but Context Matters 
 
While we recover significant associations between leaf traits and fecundity, some associations 
differ between monospecific and heterospecific neighborhoods and depend on whether neighbor 
density is measured by neighbor counts or is weighted by size (Table 3, Figure 4). In 
monospecific neighborhoods, plants with lower leaf lamina densities and higher leaf dry matter 
content have lower fecundity while other traits have weak and uncertain associations. In 
heterospecific neighborhoods, in contrast, plants with higher leaf dry matter content are 
associated with higher fecundity, as are broader leaves (low LWR), smaller leaf areas, and lower 
leaf mass per area. Several of these leaf traits have been shown to be associated with collection 
locality in common garden experiments involving some of the same species (Carlson et al., 2011; 
2016), suggesting a genetic influence on the observed trait differences. Furthermore, these and 
other studies (Nolting et al., 2020) suggest that individual differences in these traits lead to 
differences in individual performance with respect to their roles involved in carbon gain and 
water use. 
While it is unsurprising that leaf traits and fitness are associated, it is surprising that the 
magnitude and sign of these associations depend on whether individuals are growing in mono- or 
heterospecific stands. There are at least two possible explanations. First, any association between 
trait and performance depends on the environment in which the plant is found (Dwyer and 
Laughlin, 2017a; 2017b), and the environment of mono- and heterospecific stands may differ. 
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Carlson et al. (2011) found that the association between leaf traits and individual fecundity (i.e. 
the local selection gradients) differed in both magnitude and sign across the geographical range 
of the species coincident with variation in precipitation.  
We do not anticipate significant differences in climate between mono- and heterospecific 
neighborhoods, but microhabitat differences might result in different trait-performance 
associations in different neighborhoods. It might also be that associations depend on the biotic 
environment, including the identity of other individuals with which focal plants co-occurs 
(Anderson et al., 2014). If so, these differences could contribute to species persistence and 
coexistence. Second, in heterospecific neighborhoods the focal plant was a rare individual 
embedded within a stand consisting primarily of the most abundant species (Figure 1). Thus, 
focal individuals in heterospecific stands may be ill-suited to that neighborhood (through either a 
mismatch with the abiotic or biotic local environment), leading to different trait-performance 
associations. 
  
Evidence for Positive and Negative Density Effects of Neighbors 
 
A fundamental tenet of coexistence theory is that two species can coexist long term only if 
density limits population growth and the magnitude of negative density effects are stronger 
among conspecifics than among heterospecifics (Chesson, 2000; Adler et al. 2013; 
HilleRisLambers et al., 2012). To assess whether these conditions are satisfied in any particular 
community, it would be best to evaluate population growth rates of each species with and 
without competition (see Adler et al., 2013), but very few studies of this kind exist (Siepielski 
and McPeek, 2010; Adler et al., 2018).  
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 We used a neighborhood modeling approach to investigate the extent to which the 
fecundity of individual plants is influenced by the neighbor density (i.e. total neighbor count and 
total neighbor volume) and identity (i.e. neighbors are largely conspecific or neighbors are 
largely heterospecific). We did not find evidence of a density effect in monospecific 
neighborhoods using neighbor count as a measure of density, but we found a positive association 
using neighbor volume (Table 3; Figure 3). The positive effect of neighbor volume may indicate 
that there are microsites within stands more suitable for plant growth and reproduction, 
consistent with local-scale environmental filtering. There might also be facilitation. The data we 
have available do not allow us to distinguish between these possibilities. 
 In heterospecific neighborhoods, we found a positive association between density and 
focal plant fecundity using neighbor count, but a negative association using neighbor volume as 
our density metric (Table 3; Figure 3). Neighbor count may reflect differential seed dispersal and 
seedling establishment. Neighborhoods with high neighbor counts must have (a) had high seed 
dispersal to this local site post-fire, and/or (b) been a high quality site early in seedling 
development to allow seedling establishment. In contrast, neighbor volume also accounts for 
how much plants have grown in the years since initial seedling establishment. Because the 
individuals are of similar age, differences in size reflect differences in individual growth rate. 
Size measures are strongly associated with reproductive effort (Nolting et al., 2020). Taken 
together, the positive association between neighbor counts and focal plant fecundity in 
heterospecific stands might reflect local site effects that promote high fitness regardless of 
species identity, while the negative association with size-weighted neighbor density indicates 
negative competitive effects by heterospecifics in these neighborhoods through time. 
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 While our results are tentative, we fail to find evidence of negative density-dependence in 
monospecific stands and find it instead in heterospecific stands, which is inconsistent with 
conditions required for long-term coexistence. This result differs from that of Nottebrock et al. 
(2017) who reported strong negative density effects on focal plant fecundity in and across sites in 
a study of over 22 Proteaceae species throughout the CFR, using both neighbor counts and a 
size-weighted metric of neighbor density. Further, they find evidence that these negative density 
effects are of greater magnitude among conspecifics. An important difference in our analytical 
approach is that we explicitly included both effects of trait values on focal plant fecundity, and 
the effects of trait dissimilarity, whereas the questions posed by Nottebrock et al. (2017) were 
focused on the effects of density only. 
 
Trait Dissimilarity Mediates Density Effects 
 
Given the natural variation in neighborhood densities in our study, we are able to evaluate the 
degree to which trait dissimilarity affects plant fecundity while accounting for the effects of 
neighbor densities. Interestingly, we find evidence that greater trait differences can be associated 
with either higher or lower focal plant fecundity (Table 3; Figure 5). In monospecific 
neighborhoods differences in leaf length-width ratio and leaf dry matter content are associated 
with higher fecundity while differences in lamina density and leaf mass per area are associated 
with lower fecundity. Positive associations might indicate that trait differences reduce 
competitive effects through niche differentiation (MacArthur and Levins, 1969). While these 
trait dissimilarity associations might be expected based on theoretical predictions, only a few 
studies have detected them with respect to functional traits in plant communities (Adler et al., 
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2018; Kraft et al. 2015; Kunstler et al. 2016). In contrast, the negative association is unexpected 
and might suggest that the filtering effect of local environmental requirements is stronger than 
the effects promoting niche differentiation. 
 
Through What Mechanism(s) would Leaf Trait Dissimilarity Promote Coexistence? 
 
While results from any observational study must be treated with caution (Gelman and Stern, 
2006; Gelman and Vanpaemel, 2016), our results are consistent with the hypothesis that 
differences in leaf functional traits are associated with stabilizing differences (sensu Chesson, 
2000; summarized in Adler et al., 2013). Our earlier work (Nolting et al., 2020) identified fitness 
associations with leaf structural traits and physiological traits but found that the species differ far 
more in structural than in physiological traits. Taken together these results suggest that structural 
trait differences may contribute to niche partitioning, while similarity in physiological 
performance minimizes competitive hierarchies (Herben and Goldberg, 2014), promoting 
coexistence. But what mechanisms allow trait differences to contribute to niche differences, and 
how do they influence plant responses in the presence of (a) spatial variation, (2) temporal 
variation, (3) resource partitioning, and (4) natural enemies? 
 
Spatial Heterogeneity: If spatial heterogeneity interacts with trait differences to reduce 
interspecific competition, then species would be most limited by intraspecific competition in 
environments where they are most favored (Adler et al., 2013). We cannot directly assess this 
possibility with the data at hand, but many studies have shown that species abundance changes 
along environmental gradients and that trait differences are associated them (e.g. Diaz et al., 
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1998; Garnier et al., 2004; Cornwell and Ackerly, 2009). With respect to fynbos communities, 
Treurnicht et al. (2019) recently showed that several leaf and stem functional traits are associated 
with climatic niche axes in Proteaceae of the CFR, consistent with the hypothesis that differences 
in these traits reflect niche differences across species, and could contribute to species 
coexistence.  
 
Temporal Heterogeneity: Temporal heterogeneity may also contribute to coexistence of species 
(Chesson, 2000; Adler et al., 2013; 2018). Thuillier et al. (2007) suggested that the storage effect 
promotes species coexistence in plant communities of the CFR, but it seems unlikely to 
contribute to coexistence of reseeding Proteaceae. Reseeders recruit at the same time post-fire, 
grow together, and die together with the next fire. Given the relative simultaneity of 
establishment in these communities, it also seems unlikely that trait differences reflect 
environmental differences associated with establishment at different times. 
 
Resource Partitioning: Differential resource partitioning may be the most frequently invoked 
mechanism promoting species coexistence (Tilman and Wedin, 1991; Wedin and Tilman, 1993). 
The traits measured here, however, seem more likely to reflect different life history strategies for 
investment than to reflect differences in use of shared resources (Adler et al., 2013). An 
intriguing possibility is that differences in leaf and other vegetative traits may be associated 
differences in endosymbiont communities that mediate resource partitioning of their hosts. 
Endosymbionts associated with leaf, stem, and wood tissues can mediate plant interactions with 
their environments (Berg et al., 2014), and differences in endosymbiont communities might 
result in resource partitioning. For example, leaf morphology could determine “site quality” for 
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beneficial microbes (Li et al., 2018), and a recent study of Oxalis spp. (Jooste et al., 2019) 
identified leaf bacterial endophytes that promote nitrogen fixation. Differences in leaf 
morphology might therefore lead to differences in nitrogen acquisition. In Proteaceae, 
differences in leaf area and leaf dry matter content volume might influence differences in the 
diversity and abundance of microbes. Differences in stomatal traits might be associated with 
differences in the colonization probability of different horizontally transmitted microbes. 
 
Natural Enemies: The natural enemies hypothesis suggests that specialized natural enemies 
promote coexistence by differentially limiting the population growth rates of common species, 
giving rare species an advantage (sensu Janzen-Connell Hypothesis; Comita et al., 2018). The 
data presented here do not directly address this possibility, but there is evidence that species 
within Proteaceae are differentially attacked by pathogens (Knox-Davies et al., 1987), and co-
occurring Protea species often appear to have different susceptibilities to these pathogens 
(Nolting, personal observation; Rebelo, personal communication). Just as differences in 
morphological and structural traits associated with leaves and stems may influence establishment 
of beneficial microbes so may they influence establishment of pathogens. We are not aware of 
research exploring this possibility, but it is another avenue to explore in identifying the 
mechanistic basis underlying the influence of trait differences on individual performance. 
 
 
Conclusions  
 
The Cape Floristic Region in southwestern Africa is a ‘biodiversity hotspot’ (Myers et al., 2000), 
hosting extreme species diversity and further characterized by high endemism. It is hypothesized 
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that the diversity in the CFR is in part due to its unique climatic and environmental attributes 
(Allsopp et al., 2014), recurring fire cycles (Cowling, 1987), and species that are adapted to 
specialized niches maintaining diversity both regionally (Treurnicht et al., 2020) and locally 
(Cody, 1986). Despite substantial variation in species morphologies and life history strategies in 
the region, however, there remains little evidence that trait differentiation itself promotes 
coexistence locally via niche differentiation (Potts et al., 2011), and instead empirically studies 
documenting community dynamics often report results consistent with neutral dynamics 
(Thuiller et al., 2007).  
In our study we provide evidence that trait differences among individuals interacting in 
local communities may mediate negative density effects, but we also fail to identify density 
effects having larger negative impacts in monospecific neighborhoods, which would preclude 
long-term coexistence. Given the importance of fire in this landscape however, it is likely that 
we need to consider the deterministic effects of trait-mediated competitive interactions in the 
context of dispersal and ecological drift (Vellend, 2010).   
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Table 1. Descriptive statistics for focal plants, neighborhoods, and neighbors sampled in each f 
the seven stands. For neighbors: PRHUM = P. humiflora, LDLAUR = L. laureolum, PRRE = P. 
repens, and PRLA = P. laurifolia. 	
Monospecific	Stands	 	 Avg.	Count	of	Each	Neighbor	Focal	Plant	 Total	#	of	Neighborhoods	 Stand	Location		 PRHUM	 LDLAUR	 PRRE	 PRLA	
P.	humiflora	 20	 S	33°55.481	E	19°30.983	 4.9	(+/-	1.99)	 -	 -	 -	
L.	laureolum	 10	 S	33°57.142	E	19°31.143	 -	 12.6	(+/-	6.45)	 2.4	(+/-	1.65)	 -	
P.	repens	 11	 S	33°56.716	E	19°31.103	 -	 -	 12.55	(+/-	4.10)	 -	
P.	laurifolia	 20	 S	33°55.719	E	19°31.265	 -	 -	 -	 9.75	(+/-	4.12)	Heterospecific	Stands	 	 Avg.	Count	of	Each	Neighbor	Focal	Plant	 Total	#	of	Neighborhoods	 Stand	Location		 PRHUM	 LDLAUR	 PRRE	 PRLA	
L.	laureolum	 9	 S	33°56.507	E	19°31.250	 -	 3.3	(+/-	1.87)	 12.8	(+/-	5.87)	 -	
P.	repens	 17	 S	33°57.148	E	19°31.108	 -	 9.5	(+/-	2.65)	 1.7	(+/-	1.31)	 -	
P.	laurifolia	 12	 S	33°56.073	E	19°31.265	 -	 3.1	(+/-	1.93)	 4.7		(+/-	3.08)	 2	(+/-	1.71)					
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Table 2. The mean and standard deviation of each leaf trait for each species, sampled in either 
monospecific (e.g. Monosp.) or heterospecific (e.g. Heterosp.) neighborhoods. 	
	 P.	humiflora	 L.	laureolum	 P.	repens	 P.	laurifolia	
	 Monosp.	 Heterosp.	 Monosp.	 Heterosp.	 Monosp.	 Heterosp.	 Monosp.	 Heterosp.	LMA	(g	cm-2)	 0.043	(4.83e-3)	 -	 0.028	(4.12e-3)	 0.033	(4.41e-3)	 0.030	(4.55e-3)	 0.027	(4.86e-3)	 0.038	(4.37e-3)	 0.032	(6.41e-3)	LD	(g	cm-3)	 0.522	(0.042)	 -	 0.595	(0.080)	 0.697	(0.069)	 0.649	(0.087)	 0.460	(0.057)	 0.580	(0.041)	 0.545	(0.103)	LDMC	(unitless)	 0.491	(0.024)	 -	 0.457	(0.051)	 0.522	(0.046)	 0.413	(0.063)	 0.433	(0.035)	 0.486	(0.024)	 0.457	(0.040)	
LWR	(unitless)	 17.9	(4.15)	 -	 6.79	(4.51)	 13.10	(5.11)	 15.04	(2.32)	 7.07	(4.81)	 3.52	(0.510)	 8.61	(4.93)	
LA	(cm2)	 2.37	(0.493)	 -	 6.44	(1.73)	 5.98	(1.32)	 6.45	(1.28)	 6.17	(1.81)	 18.45	(4.87)	 8.41	(5.14)	
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Table 3. Mean posterior distribution for each covariate in each of the four models analyzed: (1) 
monospecific and (2) heterospecific neighborhoods, using (a) neighbor count or (b) neighbor 
volume as measures of density. The posterior comparisons were calculated following Holsinger 
and Wallace (2004; see methods for further discussion), comparing the difference between 
monospecific and heterospecific models. Bold text indicates that the 95% credible interval of the 
estimate does not overlap zero. Italics indicated that the 80% credible interval does not overlap 
zero. The posterior comparisons reflect the heterospecific model estimates subtracted from the 
monospecific model estimates. 
	
	 	
Monospecific	 Heterospecific	 Posterior	Comparisons	
	 Neighbor	
Density	
Count	 Volume	 Count	 Volume	 Count	 Volume	
	 -0.018	 0.115	 0.266	 -0.328	 -0.287	 0.441	
	 	 	 	 	 	 	 	
Tr
ai
t	V
al
ue
	
	o
f	F
oc
al
		
LWR	 0.036	 0.022	 -0.654	 -0.262	 0.695	 0.279	Leaf	Area	 -0.010	 -0.016	 -0.951	 0.015	 0.932	 -0.037	LDMC	 -0.207	 -0.141	 0.301	 0.563	 -0.511	 -0.709	Lamina	Density	 0.205	 0.156	 -0.122	 0.134	 0.332	 0.027	LMA	 0.010	 -0.006	 -0.388	 -0.685	 0.398	 0.679	
	 	 	 	 	 	 	 	
Tr
ai
t		
D
is
si
m
ila
ri
ty
		 LWR_β	 0.208	 0.217	 1.004	 0.225	 -0.801	 -0.010	Leaf	Area_β	 -0.057	 -0.038	 0.677	 0.001	 -0.732	 -0.038	LDMC_β	 0.256	 0.215	 -0.231	 -0.414	 0.490	 0.635	Lamina	Density_β	 -0.176	 -0.156	 0.078	 0.014	 -0.258	 -0.171	LMA_β	 -0.243	 -0.209	 0.117	 0.198	 -0.359	 -0.412	
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Figure 1. Example of what a monospecific stand of Proteaceae often looks like in fynbos 
habitats. Pictured here is a stand of Leucadendron laureoolum at Jonaskop (Photo credit: K. 
Nolting). 		
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Figure 2. Schematic of our sampling design. Within either a monospecific stand or 
heterospecific stand we identified local neighborhoods that consisted of a focal plant surrounded 
primarily by individuals of the same species (left: monospecific neighborhood) or by individuals 
of other Proteaceae species (right: heterospecific neighborhood). We sampled all neighbors 
within a 2-meter radius (measured as the basal distance from the focal plant to each neighbor). 	
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Figure 3. Mean posterior estimates (black circles), 80% credible intervals (blue bars), and 95% 
credible intervals (thin lines) of the density effects in monospecific and heterospecific stands 
using either neighbor count (left) or neighbor volume (right) as the density effect. Density 
measures were scaled to have a mean of zero and a standard deviation of one. If an estimate 
overlaps zero (the grey dotted line) we cannot determine if there is an association between it and 
the reproductive effort of the focal individual. A positive estimate indicates a positive 
association, and a negative estimate indicates a negative association. 
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Figure 4. Mean posterior estimates (black circles), 80% credible intervals (blue bars), and 95% 
credible intervals (thin lines) of the trait effects in monospecific stands (left) and heterospecific 
stands (right). Presented here are the results from the models that used neighbor count as the 
measure of neighbor density. Estimates can be interpreted as in Figure 3. Trait abbreviations are: 
LWR (leaf length-width ratio), LMA (leaf mass per area), Leaf_Area (total one-sided leaf area), 
LDMC (leaf dry matter content), and Lamina_Density (leaf lamina density). 			
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Figure 5. Mean posterior estimates (black circles), 80% credible intervals (blue bars), and 95% 
credible intervals (thin lines) of the trait dissimilarity effects in monospecific stands (left) and 
heterospecific stands (right). Presented here are the results from the models that used neighbor 
count as the measure of neighbor density. Estimates can be interpreted as in Figure 3. Trait 
abbreviations are: LWR (leaf length-width ratio), LMA (leaf mass per area), Leaf_Area (total 
one-sided leaf area), LDMC (leaf dry matter content), and Lamina_Density (leaf lamina density).  
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Figure 6. Full posterior distributions for the regression coefficients from the monospecific and 
heterospecific models that incorporated neighbor count as a measure of density. (A) Density 
effect (i.e. the effect of neighbor count on focal plant fecundity), (B) Trait Effect (i.e. the effect 
of the trait value of a focal plant on its fecundity), and (C) Trait Dissimilarity Effect (i.e. the 
effect of dissimilarity from neighbors on focal plant fecundity). **Indicates that monospecific 
and heterospecific distributions differ at the 95% credible interval, according to our posterior 
comparisons. *Indicates they differ at the 80% credible interval.	  
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Figure 7. Full posterior distributions for the regression coefficients from the monospecific and 
heterospecific models that incorporated neighbor volume as a measure of density. (A) Density 
Effect (i.e. the effect of neighbor volume on focal plant fecundity), (B) Trait Effect (i.e. the 
effect of the trait value of a focal plant on its fecundity), and (C) Trait Dissimilarity Effect (i.e. 
the effect of dissimilarity from neighbors on focal plant fecundity). **Indicates that 
monospecific and heterospecific distributions differ at the 95% credible interval, according to 
our posterior comparisons. *Indicates they differ at the 80% credible interval. 
